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ABSTRACT

Venus Fl_r Robot (VFR) is an aerobot u--an autonomous balloon probe-. -designed

forremote explorationofEarth'ssisterplanetir_2003.VFR's simple_avigatioaand control

s_tem permltstraveltovirtuall,xauy l.ocationon Venus,bul itcan survivefo_onlya limited

duzatio_.inthe harshVenusian environment..Z'ohelpaddressthislimitation,we.develop:

(I)a globa_circulationmod÷] thatcaptt,resthe mo_t importantcharacteristic_ofthe Vcrlu.-

sianatmosphere;(P.)a simpleaerobotmodel thatcapturesthermalrestrictionsfacedby'

YPR. at Venus and {3)one exact_nd two heuristicalgorithmsthat,usingabstractions(1)

and (2):cons_zuctroutesmaking the be_ useof VFR's limitedlifetime.We.demonstrate.

thismodeling by planningseveralsmal!example missionsand a prototypicalmissionthat

exploresmlmorollsinterestingsi_esrecentlydocumented intheplanetarygeMog_,literature.
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The reader is cautioned _ha_ computer programs developed iv this research may not
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EXECUTIVE SUMMARY

The NASA JetPi'opulsionLaboratory(JPL)performsthe _ustmajorRy ofplanetary

explorationdone by the Uniled States(US) and Tepr_entsthe US.in most multinational

missions.JPL usesroboticx_hiclesto exploreotherworldsm_d theya_e now inthe early

stagesof developinga three.dimensionalmvir_ _obot calledan aerobot--ana¢rovehicle

forroboticexploration.An aerobotisa_ explorationprobe supportedagainsta planet's

_avity by thebuoyant, ofa balk)on.For hc)rizontalmovement: itdriftson thewind. This

rc_cen_.innovationholdstl:emendousprorais_forhelpingscienlistslearnabout any planet

with an atmosphere,and therearemany oftheseinour.solarsystem.Howeve2, withthe

added capabilit5,thatan aarobotbring_toplanetary;e.xplorazion.wefinda whole ne_,realm

ofquestionsregardinghow besttouse.it.For example,an aerobotcan probablyreachan)"

siteon a.planet.This sortof mobilityiscompletelywithoutprecedentforan exploration

robot,sO the questionof what route to use ingoing from one spotto anotherhas never

been too i_portm_t.--zhey'vene_ezbeen very.farapart.With an october,however,itisa

crucialquestion.One routetoa destinationmighttakeitnearmany otherinterestingplaces

ez_route.Because ofthislargeexplorationdomain, thereaxemore interestingsiteson any

world tha_. a single ae.xobot has time to _'isit. This implies that the amount of interesting

data an aerobot col]rots can differ z:adically derendhl[_ upon its travel routes. Therefore: it

isimpot'tantthatscientistsprioritizetheseinterestingsitesand explorethem ina rational,

methodicalway so a,s¢omake the i.-_,sturgeofan a_.ro'oot_sc-wplora1:iontime.

Venus FI_r Robot (VFR) isan aetohotdesisnedforremoteexp_,o_---_tionofEarth's

sisterplanetin2003.VFR's _implenavigationand controlsystempermitstraveltovirtually

any locatio_lon Xbnus,but itcan surviveforonlya limiteddurationintheharshVenusian

et_viron_nent.This thesishelpsaddr_.ssthislimitation:We developa Global Circulation

Model (GCM) of the Ven_ian a.tmospherethatcapturesposition,distance,wind velocity;

travcl.time(_sed on wind velocity),temperature,and other importantcharacteristics

ina graph--a setof nodes with arcsconnectingthesenodes..We alsod_,wetopa ,_imple

aerobotmodel thatcapturesthermalrest.fictionsfacedby VFR at Venus.Usingthe_ two ......

abstractionsand threepath planningalgorithmslone exact,and two heuristic)we also

develop,w_.construc_routesthatmake thebestuu:ofVFR:s limitedexplorationtime.

We ¢le_nons_ratctheutilityofthesetoolsl)yusingallthreealgorithmstoplanroutes

for, s(.weral small example missions and usc the two heuristics to plan routes for a much

morv realisticmi,_ion_hatexploresnumerous ir_ter_.stin_sites_ecentlydoc'amentedinthe

.xvii
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pla_net.arygeologyliterature.Besidesdeterminingn good routefor.explorationofseveral

differentsites,the planningaids we develop are usefulin answeringa number of other

importantqueszioxts.Forexample,we c_n use them to quantitatively_udy theimporta_ce

of an aerobot'sdesignlifetime,to explorethe.valueof beginningexplorationat different __

atmosphere insertionpoints,m_d tostudythe cost-efectivc_nessofdifferentaerobotde_iga_.

xviii



I, BACKGROUND

A. INTRODUC_ON

Venus Fb[erRe,bet(VFR) isan aerobot--anautonomous balloon2robe--designed

forr_mote explorationofEaxth'ssisterplanetin2003.VFR's simplena_dgatjonand control

system permits travelto virtuallym_, locationon Venus.but itcan survivefor only a

iimiteddurationin the harshVenusi_nenvironment.To helpaddressthislimitation,this

thesis(I) developsa graph implementationof a globalcirculationmodel thatcaptures

position,diet.mice,,wittd_locity,travel-time(basedon wind.velociW):temperature,and

otherCl_rac'teris_i_ofthe Venusiaa atmosphere,(2)implementsa simpleaerobotmodel

thatcapturesthermalrestrictionsfacc_by VFR.ar.Venu% and (3}pre._ntsone exactand

two heuristicalgorithmsthatuse thesetwo.ab6tractionsto.mxmstructroutesmaking the

bestuseofVFR:s limitedlifelineon '_,'enus.

B. PLANETARY EXPLORATION USIING ROBOTS

The NASA JetPropulsionLaboratory(JPL)performsthevastmajorityofplanetary

explorationdone by the United States(US) and representsthe US in most muRinational

missions.JPL uses roboticreticlesto exploreother worlds. These robotsha_ evolved

consM_.rably over time.

Fly-by prober travel to an object of interest with great speed and never slow down .....

Their high velocityisboth good trodbad. Itoffersvery shorttraveltimes,but italso

limitsthe time v,p_:obespends in closeproximityto s target,rcsuRingin littletime for

data collection,qome past fly-byrobotsand theirprime targetsv._re:Mariner2 toVenus;

Mariner 4 toMars; and VoyagersI and 2 which exploredthe outerplanets.Fly-byprobes

are simple,cheap,and ideal,forthe fir_visitto a planet. For _¢ample, JPL's Pluto

Express m_ssionconsists¢:,ftwo fly-byprobesto be launched in 20{)1.These probeswill_

journeythroughspaceforabout ten yearsbeforearrivingat Plutoand itsmoon, Charon.

An orbiting probe, as the name ixnplie.%provides m_.extended period of time while

orbitinga planetfordata collection.Examples of orbitingrobotsarethe Mtu'iner9 probe

at Maxs. the Magellan probe thatcollectedradarimagery on _bout 98_ of the Venusian

butface(Figure1.1},and theGalileoorbitex--ctun'entlystudyitJgJupiterand ice16 moo,,s.

Another" slightly more advanced robot is a lander. It spends a long time performing

extensives_udiest,nthc surfaceof its.targetplanet.Two examples are VikingsI and 2

which lm,ded on Mars in the 1970'a. Viking it touched down in a moderately cratered, _



low-lyingvolcanicplaincalledChryse Planifia.This isan old drainageregionof a large

outflowchannelthatalmostcertainlycontainedliqmd water irtthe past.Viking2 landed

6,460km (4,014riffles)away in UtopiaPlmfitia,a rock,strewndesert.Over the coupe of

_everalMartiaJ]so_sons,each oftheserobotscollecteddclailcdinformationabout Martian

we_t.her,g-=_....logy:and even conductedexperirnentszo test.forthepremnce ofmicrobiedlife

in the so'ft.

The next generationof.robots_orplanetary,researc]_isa .familyofremotelycon-

trolledo_:.autonornou_rovers.Although not robotic,the firstextraterrestrialroverwa._

dcmonstr_tc_ion EaJ'th'smoon duringthe Apollo 15 mission,in July 1971. Despitethe

factthatits_ashuman-controlled,it.didpossessthemost usefulfeatureofrc_,ingdevices---

mobility.This £eatu_e_d_-,_upleclflorathe necessityof an on-board human operator,is

extremelyattractiveforremotelyexploringany hostileenvironrnem.

The main feature,of3PL:s Mars Pathfinderminion,l_unchedinDecember 1996_is

Sojom'ner--thefirstrovingrobotto_'isitanotherplanet..Sojournerisa small,six-wheeled,

partiallyautonomous: surfacerovingmachine thatcan traveltensofmetersfrom itshome

base.itrepresentsthe cuttingedge in roboticdcvelopmentforvehiclesnavigatingin two

physicaldimensions{Eisen1996].

Although robot navigationin threephysicaldimensionsismore difficult,itoffers

more capabilitythattitstwo-dirner,qionalcounterpart.Assuming Sojournercan tra_l

roughly 50 m from itshome base,ithas accessto a circularregionwith axea,,4 ='_r2,

or. 7,8,54m 2. By contra._t,a three-dimensionalroverhas accessto the entiresurfaceof

itstargetworld. In the ca,_eof Venus (mean planetaryradiusof 6,052km), thisisap-

proxinlately4.6x I0z4m 2. Hence,thereisa v_tly greaterphysicaldomain availableto

a tl_reqbdimensionMrobot---thiSis._tmmotivationfor tacklingthe additionaldii_icultyin

implementingsuch a device.

JPL is_.owintheearlystages ofde_elopinga threc_dimensionalrc_'ingrobotcalled

an aerobo_---an aer_vehiclc for robotic e_xplora_ion. A planetary aerobot is an exploration

probe :._llpportedagainsta planet'_gravityby lhebuoFancy of a baltoon[Cut,seta/.1995].

Figure 1.2shows a _chematicofan _robot exploringVenus.

A_ a_robot,istrulyan im_tive de_'icein that the b_tsicphysicsp_rmiltir_gits

cq)e.ra_ionhave been well_ndcrst_odformore tltan50 years,but thee principleshavebe¢_

appliedina new way with thedet_lopmen!ofballo_nsforrernot_pla_,tary.exploration.



C. THE PLANETARY AEROBOT

Althoug.htheirenhanced mobilityisthegreatesta&_utage aerohotso_.eroyezprevi-

ous generationsof.roboticvehicles,theyh_veanother,perhapsequallyvaluabh:advantage--

they consume minisculequantitiesofenerio'in accomplishia_thismobility.VariouSmeth-

ods ofbuoxancy controlhave been proposed fOraerobotstobesthandleconditionsattheir

varkms de_inati0nS.Ctu'rently,eightplanetsand moon_ arethoughttohave atmospheres

su_cient to__uppor_ an ae_robot:Venu,% Earth,Mars, 3upiter:Saturn,Titan (Saturn's

largestmoon): Uranus, a_d Neptune.

I. Altitude Control using Reversible Fluids

Although othersare available,the mostsuitablemethod for aerohotaltitudecon.

trolat Venus .usesreversibleliuids_Jones1995].Most.solutionsto thegeneralproblemof

controllir_a balloon'saltitudexequirethe e_penditureoflargeamounts ofenergyand/or

matter.For example, inhydrogtm or helium-filledballoons,thebuoyancy gashas a smaller

molecularmass than.thesurroundingair-This causesthem to ri_ untilatmc_phe_icpres-

sureissosmaU thatdii_ercmtialpremure acrosstheballooumaterialmay causeR torupture.

Because of thistrustablebehavior,thee balloonsmust frequentlyadd or dump buoyancy

ga_tostaywithinsome altitudeband. Howe_r, arev(rsiblefluidballoonsolvestheproblem

without _hesecosilymeasures,_nalfingitan idealdevice,forremoteexploration.

a, Passive Altitude Control

One method of aerobotaltitudecontrolthatavoidsthe di._icultyfacedby

Iteliumballoons_s_ rnultiplegas balloonssupportin_one _mdola. There isa primary

b_dloonthat containsa lighter-than-airgas such as helium,and at le_.stot_cadditional

b:Lllooncontaininga reversiblefluid.In general,a .fluid_ tithera _ or a liquid.A

rrt.cr#iblcfluidreadilychangesback and forthbetween thesetwo stst_ with changing

temperaturet_t_dp:_s_ute.The primary balloonsupporr,s the majorityof the a_robot's

ma._._,b_itnot a/lofit -_heaerobotsinkswithouttheadditionalliftprovidedby the other

b_dloon(s).

The maine advantageof thismethod isthat,leftundisturbed,a p_operly

configured reversible fluid acrobot ¢_cillates about an equilibrium altitude (EA) where am-

bient condi.tions correipo_d to the saturation tea_perature and pref_m'e of the reversible

fluid. This oscillation occurs _o ]kmg _ atmospheric ¢emperature. decre_es with incren._ing

altitude iz_ thv vicinity of the EA. Thi.s ofl.en occurs in the troposphere, and while.within



such a negativetemperature gradient,an a_robot'saltitudeispassivelycontrolledby a

naturallyoccurringnegative,feedbackcycle.

To_nderstand _his.negatlvefeedbackcycle,cons}derone periodinthe cycle.

When. an aerobot isb_eath ilsEA where ambient temperatureishigherthan-saturation

(boiliug}temperature for that pressure,some _uid e_porates, increasingterm balloon

vo]_-ne.This lowersthe overalldensity(mass per _lurne) of the aerobot,causingitto

rise.When itris_ above itsEA, the ambienttemperature islowerthan the saturation

temperatureand some ofthe fluidcondensesback to itsliquidstate.Thisresultsina lower

overall_,olumefortheaerOhot,thtmhigherde_sikv,and the.aerobotsinks.When itisagain

below Rs EA._he cyclerecurs.:JPL'sB_lloonExperiment at Venus (BEV), scheduledfor

1999,will_e c_p_.blcofthispassiveMtitude control,but nothingmore. Itispl_ned to

oscillatebetwe_:n40 and 60kin above the me_ planetaryradius[DiCic-coeto[.1995],

b. Inexpensive Active Altitude Control

Witli_aturallyocc_'ringcharact_is_icsofa targetplanetoperatingtop_-

sivelyma3ntain an ae_obot:saltitudein the ma.unerdescribedabove,_ctivelycont_olling

altitudebetween itsEA and theplanetarysurfacebecome,_an extremelysimpletask.

By connectinga £xcd-volumc pr_sure vesselto the balloonintowhir.hthe

reversiblefluidcan dr.ain,and permittingthispressurevcssclto be isola_.edby means ofa

simplev_._ve,itispossibletopreve.ntthe aerobo_fromregainil_gtheextrabuoyancy required

tore-a_cendafterdroppingbelow hs EA. Thisisdone by s_mplyshuttingitsisolationv_Ive.

The sequenceofeventsgivingriseto thisl_haviorisro_g_lyas follows:

i. While positivelybuoy_mt,as the aerobotrisesabove itsEA, _be Io_0rtemper-

sturetherecausescondensatio_of some fluid. --

2. Thisfluiddrainsintothepressure,,_sseland thecondensationcontinuestooccur

untilthe aerobotisagainbelow itsEA.

Once the aerobotisnegatively,buoyant and at any time whilethis remains the

case,shutting,the isobttionvalvebetween balloonazulpr_:ssurevesselresultsin

the ,_erobo_remrdni:nt_negativelybuoyant,evenlongaft_¢ith_ssunk below EA.

Itisimpossiblefortheaerobottobecome p,_sitivelybuoyantagainaslongas

a certain percentage of the. reversible fluid rcmait_s trapped within tt_. fixed-volume pressure

_ssel sincethi:,portioncan no longerchangethe volume of the reversiblefluidballoon.

In _his sta_e, the aerobot conthmes to sink until i_ comes int_ _xm_.act with the pla,_etary

sur_'acv. Thus.. lhe _rnho_ can land at will.



Although crude, this method of acti,,_ _ltitude control is extremely cheap

on energy usage, and with the exception of helium difusion through the primary balloon

matexia], the i_uid cycles de_ribed are _ll closed, _ no matter needs replenishment. The

r_ult is.a long lasting three-dimensional roving.exploration probe with a very _light demand

forener_,--anidealrobo_forplanetaryexploration.

C. Horizontal Mobility

With activealtitudecontrolas an innatecharacteri_icof an aerobot,the

i,._ueofcontrollingitsp_itionin theothert_'ophysicaldirne_ionsdepends cmlyupon the

availabilityofhorizontalforce_to move the robot.Thisportionofan aerobot'scontrolis

a_sosuppliedby the t_rgetplanetinthe form ofglobalwinds.

Any planetinpomessionof an atmosphereItasnatu_al]_occurringwindsthat

arise,from influenceslikeinsolation(solarheating),planetaryrotation:and,tidali_orces.TO

navigatefrom one surface,siteto another:an aerobotn_d only drifton differentwindsat

differentaltitudesuntilitre_chesitsd_tinafion.Aftercollectingwhate_r data isa_ilable

there,itcan riseagain Ibyo_nlng i_,sisolati.o2tvalve)and move on to thenextdestination.

Thus, with buoyancy and altitudecontrolcomes a very,simplebut effective

n_eansof navigationMcontrol.So equipped,an serobotismobilein allthreedimensions-

and p_sse_.sessome measure of activecontrolc_,eritsjourney.The designofVenus Flyer

Robot (VFR} includesallel:theseca.pabilities{Cultsel_l. 1995],.We show an artist's

,_'mceptionof VFR atone of m_,nysiteson Veuus inFigare1.3.

d, Where to Explore First

Venus has already been idexttified _s thc first target playlet for aerobot ex-

plor_tion. VFR:s goal l.aunch date is aometime in the year 2003 following a passis_ altitude

c(mtrol demon._tra_ion--the BEV mission planned for 1999. Two exploration balloons, the

V_ga probes,haw alr,_adyi_own at Ve:ms a,_part of itmultinationalcollaborationbe-

tween Ftus_ia_..b_rench,and .US scicntist_[Bla_nontet al. 1986, Kre.mnev et al. 1986,

Linkin ctal. 1986_s,Linkinet at. 198{ib,Preston et at. 1986,Sagdeev et at. 1986a,

S_tgdeev et al 198bb]. They were deployed in 1985 by two spat_craft on their _,ay to a

rt.nd-zvouswithHalley'sComet. Venus isan idealfirsttargetform_tnyre,_ons.

1. The atmosphere of Venus is ve_, hot. dense, and contains high concentrations of .

cxtremely corrosive chemicals such _ sulfuric acid, The environment becomes
more hazardou_ with proximity to thc planet's surface, so the aeroho_'s altitude
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contro[m_ke_ itsn idealChoic_forcxplcrin_Vczms. Itcan dip.intothe.harsh

depths ofthe atmospherefor shortperiodsofaai_.collectionand thenri_ out

ofharm's way back to cooler,more p_easantera,ironsat cloud-tolD.

There we galeforcewindsblowingon '_'enuswh_dlofl_ergoodhori_ont._lmobility

foran aeroboC.These winds arefairlypredictable:so path planningispo.,_ible.

Although somewhat predictable,the Venuslan almosphere isstillthe subject

of intensescientificdebate bemuse physicaldrivingprocessesresponsib]efor

the globalwind patternsha_ ,vetto bo sati_actorilyexplained---muchmore

atmosphericdata isstillrequiredbr thi_q_estionto be adequatelyaddressed.

An aerobotisthus an idealexploratoryd_vicebecauseR collects_tmospheric

data e_oute to_rious Suffac_locations,effectivelyperformingdouble-dutyin

data collection.

Mar_y exp._orationprobessuchasP_oneerVenus Orbiterand Magelhtnhavebeen

sentto Venus.Based on informationfrom theseprobes,scientistsknow a.great

deal about the sttrhceof Venus. As mentioned earlier,Magellan collecteda

nearlycomplete81oba}radar map of the Venusiansurfitce(FigureI.I).This

informationMlows extensiveplanningregardingwhat surfacelocationswarrant

fuztherstudyby artserobot.Head ttal.11996]discus,s_veraloftheselocations.

Venus is only a ,,_hort _aun_ for an Earth-huached space probe, so travel time is
short--.the BEV expected travel time from Earth to Venus is only four months.

Therefore,fez,sonslearned_om BEV can be q_icklyincorporatedintoVFR.

D. OPTIMAL EXPLORATION

Although capableof n_vigatingtO virtuallyany locationon _he surfaceof a planet

(limitedonlyby globalwind patter_),an acrobot_sstillconstrainedby itslifetime.Ex-

posureto hostileelementscan _zlv_tselyci_ccttherobot,leadinge,_eutwdlyto it_demise.

There simplym-cmany _noresiteson any world_hatmight be exploredthana _in_lenero-

hot w_llhave.time_tovisit.Therefore,itiSir_p_)rtantthat_ientistsprioriti_thesesites

and explorethem ina rational,methodica_way .so_ t_return_hc largestquantityofthe

most valuabledau_ poss_bk.(scientificvahtc).This _h_is bringsjustsucha ratio_al,me-

thodicalapproach to planetaryexph,raiior,usingscrota)is.Specifically,itpreSems _:veral

three-dimen_.ionalpath pla_mix_galgorithmsthat1_ndrouteswith cholargestsci_tificvalue

ob_nable in _n aerobot:_lifetime.

h_thefollowingl)a_'s,Chapwr IIdiscussesrecentpathplmming r_,_earcha_d h_w it

relatestotlw problem p_med inthisthesis.ChapterIllstatestheprol,lemaridChapter IV

6



describesthe algorithmsdevelopedforsolvingit.Finally,Chapter V prcsentstheresultsof

sever_lex_np]e problems,highlightingtheeffectivenesso_thesealgorithms,and ChapterVI

provlde_conclu_.ionsand recommendationstbrfurtherresearch.



Figure 1.1. An orthograph;c projection Of Venus (caatQred at O_E longitude), s_mulat_nga
d;stant view o( _ne hemisphere of the planet. Th;s image representsmore than a decade of"
rad;_r investigation cutmi_lt_ng in the 1990-1{)94 Maseilan mission, Magellan imaged more
than 98 Dercent of Venus at a resoiut_onof"_100 m; the effective resolution of this "_mageis
-_3kin. A mosaic of Magellar_images (most with ;l_umlnation from the west) forms the image
base. Data fl'om the Arecibo radio telescope ir_Puerto Rico and the RussianVenera and US

Pioneer Venus missions fill gaps in Mageflan'_ coverage. The Jet Propulsion Laboratory CJPL)
in Pasadena. CA managed the Magellan mission for NASA. (Cou_esy NASA./JPL) Source:
h_;tp://bang, ]¢u]., gov/8olar|ya/venu8, h'_m.
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Figure 1.2. A planetary aerobot performing several steps in a typical mission to exnlore the

planet Venus. Starting on the far left and progressing chronologically to th_ right, the probe

first enters the Venusian atmosphere, deploys various aerobraking techniques to slow down from

orbital veJoci_, and _ettisons the heat shield. Its baYoons then inflate through natural heating

by the :surrounding atmosphere, and the probe begins oscillating about its equilibrium altitude.

During the tOWer po_ion of its oscillating tra_c_.'tory, the probe takes photographs o( the surface

in the visible spectrum for comparison with known surface features. This gives the probe c-;tical

na/igat_onal info_nation, When approaching an inter_st;n 8 site, the p,-obe autonomously shu_s

its isolation valve permitting "_ to descend to the surface. As more andmore of the landint;

snake comes into ContaCt with the SurfaCe, the amount of mass which must be supported by
the balloons gets smaller until the descent _s gently arrested and the probe }ands. While on the

surface, various instruments collect data about the landing site. Despite very good insulation,

the ;tveraie surface temperature of 733: K slowly hea_s the prob¢! anr_ .¢ avoid damage '¢ mus_

eventually open its isolation valve and return to the cooler upper atmosphere, Figur_ source is

b.ttp://robo_ice. DIp].. ==u=. gov/'¢aaks/a_obo'c/studieB/ve=_s. _¢=1,
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Fillure 1.3, An artist's conception of VFR above Western Eistla R_io (l_ Rgum 5.15). The
viewpoint ;s 1,100 kilometers (682 miles) northeast of GuJa Mons at an elevation of 7.5 kilometers

(4,6 miles). Lava flows extend for h.ndreds of ki|ometers across the fractured planes shown in

the foreground, to the base of Gala Mons. The viewer looks to the southwest with Gula M0ns

appearing at the left j_Jst below the horizon, Gula Mons, a 3 km (1.86 mile) high volcano,
h_s geographic coordinates of _22=N, 350°E. sir Mons, a volcano with a diameter of 300kin

(180 miles) and a height of 2kin (1.2 miles), appears to the right of Gala Mons. The distance

between Sif Mons a_d Gala Mons is approxirnately ?30kin (453 miles). The balloon material

has a gord coating to resist the cOrrosive, sLJifuric acid environment. The upper balloon provides

primary lift and the lower balloorl contains the reversible fluid. The rectangular box below the

balloon contains the control system for the aerobot. The conical piece below that is th,. radio

antenna and the circular sphere _s the gondola. A solar panel dangles below, with a portion
of the /andin_ snak_ visible. Source: J. Balaram and K. Nook of NASA JPL, 199_. See

http://robo_i c a. _p_l. nasa. gov/t aske/aerobo_,/e t udie s/venus, ht_..
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H. RELATED V_rORK

A. ROBOT MOTION PLANNING

"/he gememl subject of robot motion planning has been ¢.xtensively re._earched in the

lastdecade and theratethatsignificantresultsarefoundha_.beenaccelezatinginthelatter

partofthistirnc.Hcf'ever,the_,a,_tmajorityofwork inthisfieldaddresse_a spedalsubset

ofrobot motion plannin_problems thatareoflittlerel_'anccto the.problem w_.con._ider

in thisf_hesis.Specifically,most work.involvespath planningfora two.dimensionalrobot

likeSojournerattempting to avoidobstacle_in navlgati_gto s singlegQal.For example,

Schwartzand $h_ir [1988_stzrveya number ofmotio,_pl.atiningalgorithms,but theirfocus

ison plannin8 collision-f_eemovements betw_.n an originand a singlegoal. SimihLrly:

Krogh _md ._eng[1989}exploredynamicallygen_ating subgoals(way.pointsat _rtices

ofpolygonM obstacles)enroutetosome singlefinM goal.Other s_udie_a_]dr_sanalogous

problems,_m.etim_s with theadded diffic.-nlzyofe,uunknown t_frainthatr_quire_mapping

eitherbdore or duringnavigationIDurrant-_Vl_,tea_d Cox 1990.Lumelsky et _d. l,qg0,

R_o 1992].Some studi_sare slightlymore relevantinthatthey,considerthis_a_kinthree

dimensionsvicetwo _Cazldell1991,Nero 1994].floweret,rehti_dy few _srtich:sconsider

planningformul_plc 9oaf',,in eithertwo ort_reedimensions.

B. oRIENTEERING

Orienteeringisa sp0rtin_game where _veral participantsaregivena compass and

a map ofsome localterrain.Startingfrom a col_mon location:theirKoalisto (I)navigate

to several_controlsites",(2_,eventually_rrive_t a common destinationhaving visa.ted

the l_rgestnumber ofthe most va3nablecontri_lskes,and (3)do so i_the shortesttime

p(_ssible.P_r1:iripantsin the gmne _re _:ollec_ingpointsby vizitingcontrolsiles.S<_me

controlsit(aszalghtoi_e_tnorepointsthan others. Sometimes the game h_s a de_clline

(t_zl. Ifparticipantsdo not srri_,ebeforethedeadline,thenthey mighteitherbe charged

a _v_re penahy in points,Jrdisqualified[Golden_ al.1987].Oriem_cringisalsoreferred

to_ tht.generaliz_.dtravelingsalesmanproblem (GTSP) _T_ligirides1954]and itha,sbeen

shown _o he an :VP-hardprobh:m iGoldenet _. 1987].This impliesthata heuristicis

probablythe k_s!appro_.h forsolvinga Largeorienteeringproblem,howcvcr.,smallerone_

m_Rhr,be solvedoptimallyin a-reasonableamount oftime.

Whe_ path phnnirlgforms[tiple#oa_sisstudied,the-problem isusuallyconsidered

to be some sortof orienteering.For example, Tsiligirides!1984_proposes_wo heuristic
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algorithmsfor solvingth.ve_orienteeringproblems based on the game. One of the_ isa

stochasticalgorithmthatusesMonte Carlotechniquesto randomly choosea largenumber

of routes(with deterministictravel-times)from the setof allpossibleroutesand then

selects_he best from these.The bestrouteisbased on a measure of desirabilityformed

from the ratioof_tsite'ssc_retothecostofreachingthatsite.ThP otherisa d0t_rministic

algorith_thatcreatesroutesusinga v_riaa_tofth{_Wren azldHolliday11972]vehicle-routing

procedure.This heuristicbreaks_,regionintoconcentriccirclesectors,nOutes arecreated

withinsectorsto minimize totM traveltimes -theytakethe.shapeofa structurethatlooks

similarto a flowerpetal,:rsiligirid_the_x_ricsthe radiiof the circlesand rotatcstheir

Lxestoexaauine43 casesfor.each_tlueconsideredfort,n,_.

In o_her rese_xch,Sp.t_to [1995]sok'esan or_emeeringproblem b.vi_nd_ngopti-

ma_ routesfor the US C<)astGuard's icebergrt,connaissanceaircrM't_ they conduct the

InternationalIcePatrol(lIP).Tlaisisan Operationwiththepurposeofimprovingthenav-

igationalsafetyof sh_psinthe,North Atlanticby monitoringthe limitofallknown iceoff

the coastof Newfoundland. To solvethe problem,he breaksth_ &ca .ofinterestintoa

two-dlmensionalgridand implements itas a graph,G = (N:A} where ,W isa setof nodcs

representingpcsit_onsin the regionand A isa setof arc_connertil_gthe dements ofA_.

Because Spc_,at,o models aircr_f*(capableof straight-|thetravelbet_,.enany two poims)

flyingthrough G, the pcJssibili_y_xistsforhisgraph tobe reD"dense (].41_ IN[2)making

opt.imvapath planning8,very cornputatim_llyintensivetask.Ho_tcver.he usesthe liP's

opt:ratingproceduresto limitthe number offca._.iblepathsthrough G: resultingin a very

sparsegraph. He then findsthe op_ima.lpath throughG _' completelyenumeratingall

fea,_ihlepaths and returningthe one with thehighest_ewerd,value,

Golden etai..-I1987,1958]presem algorithmsthat_l_ Tsiligirides'problemsfaster

and bettear.These impr_wed results_elyon the use of a center-of-gravityheuristic.With

thi:,new heuristic,GolJen etal.placeca:iraimportanceon groupsofsitesthatareclu_ercd

together.They acco_nplishthisas follows.Using a good" route:L, constructedwith a

computat_onallyche_p heuristic,_hey evah,atethe centc,,z.of-g_avityof L as g := {_,_).

where

z- -- *(i) :*(i)

a(i) '

and a0')isthe scoreofa node:.iwitl,coordinates.(_r(i),._(i)).

---t(cs)

(2.2)

A_er this, they _'M_'ulate

V_ _" N, the rime required to tr,'zvel t,l_e str_ght-lizte distance _'rom l_ode z to
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L_s center-of-gra-:ity,9. Usir_gthisinformation,theyform a new route,L_, by.calculating

the ratio, r(i) --- s(i)/a(_) V i 6 N and adding nodes to L1 in decreasing order of r(i)

until no more nod_ can be added _vithout exceeding tm=r. This is done iterativeiy, i_eeping_

the set of rotltes ]t = {]_.L1, L_,...,Lp,Lq) until some Lp is identical to some Lq for

q _>p. Finally, t.t_e best route is cho6en from R. This c_uter-of-gravity h_zristic consistently

out-performS tho_e of Tsiligirides.

In the aforementioned work,.the authors all make an implicit 8_sunaption that dis-

t,_mces betv,_,_ goals e_n be determined using standard Ellclidean geometry, That is, if

poin_ .4 h_ coordinates (zA,._iA,z,t), emd point /3 has coordinates Ix_,FB,_B), then the

distancebetweer,p_int,.4and B ismerely X/(xS--za)_+ (Va - y_)2 + (re - za)_. ThiS

isa completelyvalida_sumptionfort.heproblems theyconsider,but isgrosslyinaccurate

forthe problem we solve.

Although aerobotpath planningiscleaxly_n orienteeringproblem,_ cannotas-

sume the dist_c¢ between pointsofinterestisEuclitlcan.Because an aerobotreliesupon

globalwind patternsforhorizontalmobility,distancesalongthrce-dimcmsionalpathsfrom

one pointto another involve_ever_laltitudechangesand wind dixectio_,smay be differ-

ent _tteach altitude,.This additionalcomplexityunfortunatelyrulesout the use of high-

performanceorienteeringhetLristi_relyingon a ceaater.of.gravityapproach.

Therefore,to ",uldressthe tmique issue,_involvedin aerolmtmotion planning,this

thesisrelieson s_ve.ralheuristicand exactalgorithms--generalizedgreedypath planning

algorithms,Dijkt_tra'sAlgorithm.and partialancl.completeenurm_ationtechniques]Ahuja

e_. al. 1993, Corme_. et al. 1990].
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IiI. PROBLEM DESCRIPTION

Given a setof interestingsiteson Venus: eachwith an associatedscientiÊicvalue,

d_ermine the optimalVFR path among them. The.optimal,.,tth is the feasiblepath that

collectsthe greatest,cumulativeseientific_ue withinVFR's lifetime.

The.problem dividesinto_ree smallertasks:(I) constructa globalcirculation

model (GL'_I).describingthe Venusian environment;(2)createa practicalaerobotmodel:

and (3)planthe patchforthi:saero_otmodel withinthe GCM.

A. VENUS GCM

Path planningrequir¢_a GCM oftheVenusian atmosphere.becauseVFR reliesor.

globalwinds forhorizontalmovc_nent.A simpleGCM implementationcon_sistsof a graph

where node'srepresentthree-dimensionalpositionvectors,and arcsbetweennodesrepre.,_m

potentialroutesfrom one portion to another.

As a resultof numerous past exploratorymissionsto Venus and several,studies

usin_powedul E_uth-basedtdescopes,_cient_Stsknow many characteristicsoftheVenu,sian

atmosphere [Hunten et aL 1983].For example, itisclearthatthe atmosphereof Venus

rotatesfasterthan the .solidplanetby as much as two ordersofmagnitude:_hatthe period

ofth._srotationisabout 4 daysatthe cloudtops:and thatthisrotationisstrictlywestward

at allalt.itudesIHou and Goody 1989].Many more detailsarek_own {ba_edupon repeated

observation),but thereissome debateregardingthe rnechaniarns,drivin_thesecirculation

patterns[Gier_ch et al. 1994,Hou and Goody 1989,lluntenctaL 1983,L.imayeI¢,|90,

LinkinetaL _986b,Morea 1994,Newman ctat ].984,B,ossow 1983!,13suallya proposed

GCM explainsthesemechani.crns--whyvaziouspatternsoccarintheatmosphere.However,

the GCM used in thisthesismakes no attempt at such_xp!anation--instead,itks.merely

a simplifiedmodel -with_itmosphezicch.aractet-i_tics_imilart.othose observed. We ]_st

_sumptiol)sthathighlizhtthesedmp)_ficationsbelow.

i.Deterministic:Characteristics

Wc assmne thatatmosphericcharacteristicsare neitherrandom nor dynamic

and behave similarlyto many recentlyproposedth_.ori_sabout theirnature.

Global Knowledge

We assume thata global,three-dimensional"map" ofallpertinentcharacteris-

tic,_(wind speedand dh'_ct_.on,ambient tomp_._aturc-:etc.)ofthe GCM isavail-

able. An aerobotwithh_thisGCM knows everythingitneeds to know about

the atmospher_at any positionand alt,itudeon theglobe.
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3. Atmospheric Altitude

The upper boundary,ofthe GCM occursat an Mtitudcof70km above themean

planetaryradius(MPR) of6,052kin.Characteristicsofthvatrao_h_rearemost

wellknown below thisaltitudeand itisunlikelythatan aerobol;willflyhigher.

Based on cuTrent,knowledge:t.hatportion of the Venusian atmosphere above

thisaltitudehaslittleinfluenceupottwind speedsand directionsbelow [Hunten

etal.1983,Hou and Goody 1989]_

4. Variation of Zonal Wind Speed With Altitude

Based on allobser_'ationsto date,the zonal wind isstrictly_stward at all

altitudes,bu,_variationsinspeed with altitudeIxavebeen measured by the US

Pioneer Venus and t.heRtu_ia,uVcnera probes. Verticalatmosphere profiles

from Ven_as 8, 9, 10, i2,mad the PioneerVenus probesshown in Figure3.1

demonstratethi_dependency an,]Figure 3.2 shows the corresponding_G_CM

s,ssumption.

5. Variation of Zonal Wind Speed with Latitude

As shown inFigur_ 3.3,©bservationa]data indicatethatzonM wind speed de-

creaseswi_hlatitudina]distancefrom _heequatorat70km [Hunten_taL 1983,

Keatin8 1990,Lima,ve1990!.Figure3.4shows the GCM approxJm_.tionofthis
behavior.

6, Variation of Meridionai Wind Speed with Altitude

A likelye_planationformany Venusi_matmospherictraitsisthatHadley Cells

span each hemisphereasshown inFigure3,5.For thisGCM, we assume thata

singleHadley Cellissolelyresponsibleforalldependenceo_me_idional{l_'orth-

South)wind speedupon a]titudo.ItiswellacceptedthatH_dlc,y Cellcirctdation

isthe most prevalentmechauism dri_qngmeridlonalwinds [Gieraschetal.1994:

Greeley etal. 199_I.Hunten et al. 198"_:Hou and Goody 1989,Moroz 1994].

r.ndthisisweakly,supportedby measurements asshown inFigure3.6.

7. Variation of Meridional Wind Speed with LatRude

As xne_tionedabove,strongevidencesupportsHadley Cell,'irculationa_ the

too,stprevalentprocessdrivingwinds in the North-Southdirection.Figure3.7.

shov.,sxneridionalwind observation,qon Venus,and Figure3.8show_ the GCM

a._umptioncorrespondingto thesewinds at an altitudeof70kin.

8. Complete Absence of Vertical V_'inds

The Vega balloonexperiment clearlymeasured significantx_rticalwinds on

Venus [Linkinetal.1956_,Sagdeev efaL 1986b].However,thewinds_-mostly

downdraRs a_,vclociti_._m largea.s3 m/s --occurredat sporadicintervalsand

thedat,_isnoisyand i_as,,dlicicntfor_dequ_ttcprediction.Tlwrcfore,the GCM

assume,,, only horizontal winds exist.

9. Atmospheric Characteristics

There are some chnsa_eristicsOf 1,hetttmt)._phcrenot dizectlyrelatedto wi_d
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speedsand directionsthat arenonethelessimportantto model. One such char.

acteristicisatmospherictemperature. It i_used for modelh_g heat tTa_sfer

b_ween atmospher_ a_tdacrobotelectronicsso that ir_trume,_ttemperature
limitsare not exceeded.

B. AEROBOT MODEL

The aerobOtmodel addressesonlythermalconcerns.The atmosphereisveryhotat

Imv altitudesand much coolerat highaltitudes(_e Figure3.9.).Ifan aerobotspends too

much time at loweraltitude,s,itcan char-heat.resultingindamaged.electronics.Therefore,

carefulconsiderationofheat tran,_fcrintoand out ofthe:aexobotiscritical.

Heun 11996]prc_,idesa simplebut a_equatemethod formoddixk_heattransferthat

a_sumes m_obot heat absorptionoccuzsaccording to tl_efollowingequations:

Q = q f.: (3.1)

S _- 41rr2. (3.3)

Here.Q istht:totalheat absorbed in Joulesduringthe time intervalbetween _0_md tj,.

q isthe heattransferrateintothe aerobo_gomiolain Joulesper second,¢ isthe Stefan-

Boltzm._nuconstant:forradiativeheat transfer,and S isthe surfaceareainsquaremeters

ofthe innerof.t_ spheresthatmake up thegondola.The dectronic_arewithinthisinne_

sphere--thevolume between the outex and innerspheres_svacuum insulated.Effective

emissivitybetween the two spher_ isrepresentedby e,,_Lunit-iessqum_tity.To isthe

t_npcratureofthe outersphereindegreesKelvin.We assume thisisalwaysat theambient

tempcr_.ttureofthe immediatesurroundings.T_ isthe temperatureoftheinnersphere,kept_.

constantby-a phase chan_ematerial(lithiumnRrate__r_.sentforjustthatpurpose,and r

isthe.rsdiusof the innersphere.

Equation (3.1)is_ generalw_, of determiningtotal_ccumulatedheat,Q, based

upon.some kn(_'nheattrmnsfezrate,q.Equation(3.2)_sthe_adiat_veheattransferequation

and Equation (3.3)_,iw._the surfaceare_-_of a spherebased upon itsradius.

The designofthea_robotgondolaincludesarefluxheat.pipewithverylow _hcrmal

conductivityforheat flowintothegondola (beatabsorptionoccurs_ry slowly),and very

highth_.m_alconductivityforheatflowout oJ _hegondola(speedyheatrejection)IDiCicco

c_at.1995I.The he,_tpipI_"slow cond,c_ivityforabsorptionresu|tsinthe ma_or heatleak
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into the gondola being due tc_ radiation from the outer _phere to the inne_ sphere. The

absorption rate from thermal radiation is so much lar&er than-all others that it i_ Safe to

treatallotherheatleaksintothegondolaa.si_significamIHeun 1996_.Thus,Equation (3.2)

isthe bestway to predictq.

The innersphereof the gondola containsan aerobot'stemperature,sensitiveelec,

_ronicSand a quant_.tyof lithiumnitratephase change material(PCM}. Lithium nitrate

meltsat about 30° Celsitmor-303_ Kelvin.As istrueduringa phase change of any ma_-

terial_the temperature,ofthe materialremainsconstant,unti]_allofit_.hasundergor_ethe

phase change. The amount .ofheatenergythatmust be absorbedto change the stateof

a materialfrom solidto liquidisknown as itslatentheat offusion,L f. The latent,h_t

of fusi.onof lithiumnitrateisabout 75W thatof water,or L/pc_ ffi250kJ/kg. The inner

gondola .willmost likelycontainabout 3kgof lithiumnitrate6o the PCM can absorba

maximum of _750kJ ofheat e_nerg3'before,it,_temperaturewillrise_bove 30°C. To keep

an acrohot'selectronicsat a safeand .,_tabletemperatureduring_cursion_intothe very

hot lo_'eratmosphere ofVenus, an aerobotshouldbeginitsa.scenttowardthe coolupper

atmosphere {whereitcan rejectthis_ccun_ulatedheat)_- the timeitab,_or_sabout 50 to

75_ of itsheatabsorptionlimit[Heun 1996].

Heat transferratesdepend upon thetemperaturedifference,betwe_mthehe_ttsource

and heat sit_k.The h3ghestexpectedMtitudeforan acrobotis60kin !DiCiccoet&. 1995],

and b,_ed on data collectedby the Magellan v._.ssion,the temperatureat thisaltitudeis

about 240°K _Twicken1996].Sincethe PCM isalwaysat about303:K, thisisa relatively

smalltemperaturedifferencedrivingheattransferout oftheaerobotgondola.In fact,itis

clearfrom Figure3.9thatheat rejectioncan only takeplacebetween about 55 and 60kin,

soonlyabout one qu_2terof.eachoscillationpermitsheatrejection.Fortunately;dxtringthe

otherthreequartersofeach o_illationperiod,verylittleheatabsorptionoccurs.Despite

the m_n-ginalconditionsforheat rej_.tion_'hileoscillatingabout the EA, the heatpipeis

so e_ectivethatallheat absorbed inthe loweratmospherecan be relatedv_ryquicklyin

the upper atmosphere.An acrobotcan rejec.t7S0kJ ofheatenergyby spendinga duratio:_

ofabout 8 houm in the,._pperatt0_osphere,os,;illat.i_gabout itsEA !Houri199_].

C. PATH PLANNING APPROACH

Once a re_o:,ablyreMisticrepr._enta.tionofthe Vcnusianglobalenvironn|entnnd

a simple model of a_ .acrobotare implemented,we.solvethe path planning problem.

$iace ,_ur assumption._ state that the characteristics of the GCM &re static with respect

to time, and thata global"mar," of allrelevantatmosphericpropertiesisavaiLablefor
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use in planning: v.'ha_ remains is a simple orienteering problem IGolden et _. 1987;

Golden et czl. 1988, Tsiligirides 1984]. This perfect knob ledge problem is useful a,s a [_st-

case plann_n_ benchmark--the most optimistic situatlo1_ an a_,,robot faces in its minion.

I. Problem Formulation

Similarto Spo_to [1995],we use a graph,G = (N:A) to model the GCM. In our

case.how_.,ver:the set.N contains.nodesrepresentingtJ_-dimens_onalposition._ctors.

The set.4 coataim_alldirectedarcs,(i,j),in the graph repre_ntingallowableaerobot

traveldire._tlyfrom node i _ N to.node j E N. Usin_ thismodel, the entirethrcc-

d_wmsional problem domain consistingofallaltitudesfrom _he planetaxysurfaceto the

u/, .I-bouadar_ ofthe atmosphexe,and alllatitudesand longitudesdividesintoiN[ nodes--

each representinga non-zerovolume ofspace--togetherrepresentingallpossiblepc_itions

_hatthe m_rol)otcan occupy.Thc _t, oN",isthe propersubsetofN, N' C N, consistingof

allscientificallyint_xestingsiteson thesurfaceofVenus as wellastheatmosphereinscrtion

pointwhere the aerobotenterslhc GCM from orbit.

An importantpropertyof the arcsin A isthatthey capturethe preva_iint_wind

dkectionatthe node from which_thearc originates:an acrobot'sonlymeans ofhorizontal

mobility,relieson the wind. These axc_may alsoha'rea ve_tic&lcomponent resultingfrom

upward or downward motion inducedby _terobotbuoyancy changes.Alsc_,aerobottravel

time,t(_),alongan arbitraryaTc (i,j)E A: depends upon thelocalwind speedatnode i,

where the arcoriginates.

Bel.0wwe.lista mathematicalprogramming formulationf_rdetetndningthe three-

dimensionalpath that VFR shoulduse to explore• subsetofN' withthe iarsestqum_tity

oft_me.weightedscientificdata withinitslifetime,i_relieson focming a subgraph,G _=

iN _.A') where A_containsdirecteda_csconnectingpairsof nodes inN _.In otherwords,

an arc _,b:)_"A' representsa path ¢_£potentially,man)"axcsht A. Chaptcr IV dcscribes

the method we use t_form thissetofpaths."£heprobh:mformulationisdone inthe Naval

Postgraduatt_"SchoolStandard Format.
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1. Indices

i,j: Elements inthe sot.N t.Nodes art,numbered usingconsecutivenon-

negativeintegersstartingat0.Anordered pairofdistinctindicesrepresents

an ehutentofthe set,A'.The firstindexis'the"from"or lear/n9node,and

the secondisthe ':to"or landingnode,so thatthe orderedpair(/,j)iSthe

directedarcfrom node itOnode j. Variables.anddata_ues subscripted

with thesekidicesreptesenztheattributesassociatedwithan arcor a node

as appropriate.

2. Data

T_ip: The, node repre_entin$ the atmosphere in_rtion point--the location

_-her_,_.thc aerobot enters the Venusian atmosphere.

n/: The last node the _crob0t visits is a dummy node corresponding tz_ the
po6ifion_,herethe aerobo_"ales".

_: The time-relatedvalue associatedwith visiting_todei has unitsof

"rese;rrch-_,'flue'/second.Equation (3.4)be_ow usesitas a penalt)_for

each se_)nd'sdelayinvisitingnode i.

v,:The scicatific_lue associatedwithvi.qitingnode {hastraitsof"research-
_a[tte",

razj:A large,constantwith unit.,,ofseconds.

t_,_:"I'hotime requiredto transitarc (Q) inseeond._.For alli e A": the

arc,(_,n/) has trzmsittime.t_._!= O.

L: The operationallifctimcof the aerobotin seconds,frontthe time of

deployment inthe targetplanet'satmosphere a_rhp,

3. Decision Vaxiables

z,._: A binary x_.riable with vMuc. 1 if the _erobrJt traverses arc (i,j) and 0
otherwi_.

y,: A continuous variable corresponding to the time the a_obot visits

l_ode _. Thi,q variab]_ gives the formulatio_q an at_pect _d time passage--the

idea that visiting node _ at ot_e time is a different event than doing so a_
anotherlhn_.Ith_ unitsc._seconds.

4, Formulation

.Ma.xi:,_izt-:

{3.4)2. t,_z, o - 2., u,!i_
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Subjec_ to:

t_dzw _ L
(=_)¢A'

i:(i.j)EA'

=:(_a)EA'

E Xi_-- E, xj,i -_ 0

=:(ij)¢.4' i:L_,i)EA'

E Xn,p.j --" 1
.f:(_,eg_EA'

__ Zi,nl "- 1
m_.N'

Vj E N'

VjEN'

Vj E N'

(3.5)

(3.e)

(3.?)

(3.s)

(3.g),

(3.]0)

Yi+tic czo _, .+.m,,._(1 - zi.j) V (i,j) e A'

{0,1} v(i,j) e A'
9, _> 0 ViEN'

t/_ -- 0

(3,11)

(3.12)
(3.13)
(3.14)

2. Discussion of Formulation

The objecti_ fmlc_tion, Equation (3.4), provides the total scientific-value collected

(l:,oth time-weighted and time-independent). Equation (3.5) limits the at_obot'e exploration

time to ao more thaax its lifetime. F.xlua_ion (3.6) allows at mo_t one leaving node for

each landing node ;rod Exlua_ion (3.73 allow_ _t most one landing node from each leaving

nodr. Pzluation {3.8) is a continuity of tath constraint. Equation (3.9) requires the path

to start at ni_, end Equation (3.10) fort:es the aerobot to stop exploring when it dies at

r_1, Equation (3.11) prevents sub-tours (circular patahs) that result in eventaally landing

on a previously visited node. Equation (3.11) also associat_.._ a fimo-ohvisit with each

_ode, thereby establishing a history anchored in re,d-time. The resulting path found b)"

solving this formulatiota is tt_en described by a _ries of node_, {n(o}.n(o,n(2 ).... } and

times that each nod_.' in the series was visited, {Y0.._¢1,!/2, ....) from j and y_ in that equation.

Equntions (3.12), (3.13), nnri (3_14) constrain the decivi(.,n ,,-armblc_ domains.
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Figure. 3,1. Vertical protiles of east-to-_st wind speed from Doppler trackini_ of Veneras B,
g, 10. 12 (VS. V9, V10. VZ2) and interferometric tracking of Pioneer Venus probes (Sounder.
North, Day & Night). See Figures.5.13 arid 5,14 for locations of these probes. Source: IHunten
er aL 1983].
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Fillure 3.2. _._nal wind speed as a fiJnctionofaltitude for the GCM ofVenus.
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Figure 3.3. I.ongitudinally averaged retrograde zonal wind velo¢itiesversus latitude, inferred
from the tracking of small-,.;Calec(oudfeatures {probably at an altilude near75 kin) in spacecTaft
ultraviolet images of Venus. The solidcurve is the zonal wind velocity for solid body retrograde
rotation with equatorial speed of 92.4
[Hunten et aL 19831
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Figure 3.4. Zonal wind speed variation with latitude at an attitude of"70kin for the GCM of
V_nus.
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Figure 3.5. Cloud-level Hadley Cellcarrying the excess radiative energy deposited at high
altitudes in the equatorial regionto polar latitudes. Below the clouds, there is probably a series
of alternating direct and indirect meridional cells including, a ground-level Hadley Cell. Source:
[Hurlten el" aL 1(.t83]
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Fi&ure 3.6. Meridional wind velocity profilesfrom interferometric tracking of the PioneerVenus
probe=. See Figures 5.].3 and 5.].4 for locations of these probes• ,_ource:[Hunten et _1. 1983].
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Figure3.7. Timeandlongitudinallyaveragedmeridional wind speeds from tracking ofsmall-
scale cloud features (probably at an altitude near 75 km) in spacecraft ultraviolet images of
Venus. The verl:ica_error bar is a representat}ve rms deviation of the measurements abo[Jt the
plotted means, Positive speedsin northern latitudes are northward motions; negative speedsin -
southern latitudes are southward motions. Source: [Hunten et aL ]983]. ,
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South Latitllde /de_'e_._) _orthII

Figure 3.8. Me_idion_i wincl speer_as a function of latitude at an altitude of 70km for the
GCM of Venus. North implieswinds blowing to the North.
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Figure 3,g. TemperaturP. changes drama:ically as a funCtion of altitude in the Venusian at-

mosphere. The melting poii_t of the lithium n_trate phase change material within the _nne,

Sphere of the gondola is 303 o K, shown by the vertical green _ine. The largest temperature

difference driving heat rejection from the gondola is _50_K at 60kin. The cyan-colored,_
double-headed arrow represents this difference. VFR oscillates between 40 and 00 km in al-

titude (shown by the horizonta= black lines), so hea_: rejection can enly occur in the upper

5 km of that range. Although the aerobot cannot shed heat" in the lower 15 km of this range.
it absorbs very little heat here. This is due to the reflux heat pipe's effectlvene_ and the

relatively small temperature d_fference (magenta-colored, doubre-headed arrow) dTiving heat

absorption at this altitude. For comparison's sake, the planetary surface is at an averal_e

of /330 K, and the resulting temperature difference is 430 ° K, VFR can reject --750 kJ of

hea_ energy by 0sciila_ing about its EA for 8 hour. Source: Jan M. Jenkins, lg90 _See

ht_p://nOVit, s_azLf ord, edu/projec_e/_s/ima_es/_3213, gi_).
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IV. ALGORITHM DEVELOPMENT

A. STRUCTURE OF GCM

%%_generate the graph, G = (N,A) (rcprcseming, the GCM), with a computer

program written in C-+ called vgcm for "Venus Global Circulation Model". G has a very

well defined _ructure:

1. It has a.discrete set of altitudes. %Ve adju._t the number of altitudes using an

input paza_a_ter, Pp. These altitudes range from the planetary surface., altitude 0
(a0), to _he upper boundary of the GCM.at 70 km abo_ the MPR. The altRudes

occur at equally" spaced intervals. The size of the imerval depends only upon the

number cf altitudes and the upper boundary of the GCM. For example, in most

problems we solve, G has 9 altitudes. They start at 0 km above MPR, and each
suCcessivelyhighera/titude,is8.75 km above the last untilthetop-mostaltitude,

altitude8 (as)isreachedat 7(I km _bove MPR.

, It has a discretesetofl_tiludes.We adjustthe number oflalitudasusingan

inputpaxam_ter,P_. The morthern-and _uthcm-most extentoftheselatitudes

aretwo otherinputparameterstovgcm and G typicallyincludeslatitudeswithin

_.30° of the equator These.latitudesa_c eemidistantmad the spacingbetween

them isa functionofthenumber oflatitudeschosenand the sizeofthe httitud_

range.

Ithas a discretesetof longitudes,We adjustthe r_umberoflongitudesusing

am inputparameter,Pc. These longitudescompletelycoverthe planetso that

circumnavigationofVenus within6?ispossible.They areequidistantand their

spacingdeI_n_q onlyupon the nttmberoflongitudeschosen.

4. The combinationoflongitude,latitude:and altitudeuniquelyspecifyany node
in G.

_o There area.tmost,three,directedarcsemanating from any node iltG. One are"

,epre_nts_, upward stepin altitude,anotherzep_esent.sa dc_vnw_tdst_pin

altitude,and anotherrepreaemsno altitudechange _, theaerobot.

In additionto the verfit'aldimension,everydirectedarc,(i,j)E A, zepresents

one westward stepin longitude a.__I/as a pQ_'_'il,lelatitudechange. We use.a

singleH_dley ('elicirculationpattern(soy.Figure3.5)todeterminetheamount

of,hislatitudee/._nge.The middle altitudehas winds thatare due we.s_and.

directed_rc_withlandingnodes atthe middlealtitudehaveno latitudechange.

In the upper halfof the altiluderange,winds have a pole-wardcomponent

th,_t_ one latkuflc_steplarE_rwith each higheraltitude.In the lower half.
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windshaw an equator-wardcomponent that isone latitude-steplargerwith

each lower altitude.For ex_,uple,fig ha_.9 altitudes,{ao,a_,aT,...,a_,a_},

then the middh; altitude, a_, has due westerly winds: the wind direction at a_

carries an aerobot one step west in longitude with a latitude change that is one

step in the pole.wm-d direction (north in the northern hemisphere, south in the
southern hemisphere), the wind direction at a¢ carries an aerobot one step west

in 1Qngitude with alatitude chnnge that is two steps in the. pole-ward direction,

a7 ,_'indshaw a thee steplatRudechange,inthe polo-warddirection,_md a_

winds have a/our steplatitude,change in the pole-ward,direction.The lower

halfoithe altituderangeissymmetric to the upper halfwith latitudechanges

thatareequator-ward(northinthesouthernhemisphere,southinthe northern

hemisphere).

7. Nodes in G might have fewerthan threedirectedarcsleavingthem becauseof

a GCM boundary such as the top:mostor bottom-mo6t altitude.

, We findthe landingnode ofm_ arcleavingsome specifiednode with an u_ward

altitudestep usingthe prevailingwind directionone altitudeabove the leav-
ing node. Similarly,_e get the landingnode of _ arcleavinga node with a

downu:araaltitudestepfrom the prevailinKwind directionone altitudebelow

the leavingnode:.Finalb;we determinethe landingnode o£an &c leavingsome

node with no altitudechangefrom the prevailingrind directionatthe leaving

nude. 'Wind directionsat e_ch altitudedepend upon (1)the resolutionofthe

GCM (as sotby P_,P_,P_),at_d(2)a simplificationof currentlyunderstood

glolmlwind patternson Venus.

gee Figure 4:1 for a graphic_ description eft G,

B. PATH PLANNING

The. aerobot starts at node, nfp E N _, representing the atmosphere insertion point

and this is the origin of the first trip, Sub_quent trips to interesting sites originate at the

prep'ionstrip'sdestim_tiotx.The ukim_te goalistodetermim_an efficientrouteforaerobot

travelamong MI the interestingsitesinthe GCM.

Wb begin to solvethisproblem by findingtffflcientroutesfortravelfrom any one

interesting site, _ _ N', to any other interesting site, j _ N', through the graph, G =: (2V, A),

The ideal solution to thi:;.singlegoal problem is to use the shortest path for. travel between

two in, erc._ting ,ires. We use a mealified Dijkstra's Algorithm [C0rmen e_ al. 1990} for this

ta,sk.
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i, Dijkstra's Algorithm

We find a short (but not necessm'ily the shortest) path between any two nodes,

i, j _ H with a slightly modified Dijkstra'r, Algorithm. The sole modificatioa----a rule

necessary for more reali_t.ic aerobot motion modeling--forces upward motion to be the cmly

option available to the aerobot once it has chosen to move _p_ds and until it reaches its

EA. The reversible ftuid buoyancy control 8_;stem is the source of thisrule. Thermodynamic

characteristics of the Venusian atmosphere and the. aerobot's _evers_ble fluid requi_re that ..

once the aerobot h_-_ ehose_ to travel upwards (by. opening the isolation valve to the fixed:

volume pressure vessel) it. will remain positiveS' buoyant until it reach_ its EA. At this

time, the.evaporation/condensation negative feedback cycle re,ores the aerobot's freedom

to re_ain at it._ current altitude or de.,_nd again.

Generally speaking, Dijkstra's Algorithm _uarantees an optimal shortest pmh b.e-

tween a sour_ _,:node, s, _,zd all other nodes as long as the graph contains no negative_cost

arcs {C0rmen ¢t _. I990]. Although G-= (N, A) m_ets tb_s requirement with a.erobot travel

time (_) a_ the arc costs, we cannot guazaritcc an optimal shortest path due to the way we

implement our ulnv_rd motion restriction. Specifically, Dijkstra', Algorithm u_es only one

node label corresponding to the shortest known distance to the node and explores nodes

by choosing the node with the smallest known distance in its priority queue. We maintain

this single node label in our modification and add a ne_ requirement |_sed on a portion

of the path's l_i_tory. Doing :m introduces the possibility of missing the shortest path be-

tween s and some othc,r node, _, To _ee. this, as_me our modified Dijkstra's algorithm

identifies a shorter path between s and $ and this passes through node i. The optimality

of Dijkstrd_ algorithm _elies on the shortest_pat, h from s to i being part of a shortest path

from $ to $. Thl,_ may net be satk,_ed due to the additional _estriction our modification

uses. Specifically, say the shortest trip to _ occurs while going up, thus upward motion must -

co atbaue afterwards _ntil z.eoz_hing EA. There may be & longer path to i going downwards

Ithus h_rving nO sub:_equent motion restriction) that is nonetheles_ part of a. shorSer path

to _ than the path going upwards through i. This shorter path to t eaano_ be found by our

modified Dijkstra'_ Mgorithm because the longe_ p_,th to i is never explored. The modified

Dijkstra's hlg_rithm therefore cttnnot guarantee an optimal path.

In pla_aittg the hera patl_ for _'FR to travel among interesting sites on Venus, we

fir._t rrm our _]gorithm on G = (N, A) _ith each node i e N' m_ a stinting nude.. E_h

run yields _. path from the starting node for that :'un, i _ N', to every other node, j a. N',

if _uch s lmth exists. In this m_mer, we add arcs, (g,j) to the _t, A'. if no p;,t,h exists

from $ a. N' to :l _ N' through G = (N,A). then the are. (i.j) i_ _mt "added to A'. When
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checkingforthe existenceof arcs,(i,j} E A t,we alsodeterminethe arcs'characteristics

sucha._traveltime,tij,from iE N' toj E N talongthe path throug_hG = (At,A). Prior

to theseruns,we know the elementsofN t,but haveno knowledgeabout what arcsexistin

.4_.Alter.runningour algorithmforeach node,i£ N t,we know"theelementsofA _and the

characterist.icsofthoseelements.Thus: we no_'k-nowalldetailsofthe graph,G' = {N _,A'},

and thisgraph containsa summary ofG consistingonlyofthatinformationimportantfor

the nexttask---m_fltiple-goal_th planning.

2. The Orienteering Problem

Except forarrivingata specifieddestination,an aerobotksbasicallythesolepartici-

pant inan orientee_inggame withtheentiretyofVenus asitsterrain.Insteadofcompeting

againstotherparticipants,an aezobotiscompeting againsttime because the.robot can

withstandthe harshVenusian environmentforonlya limited(butunknown) duration.

in G', we have allthe tnfornlationwe need to sol_ thisorienteeringproblem. We

solveitin a number ofdifferentways usin_a C+÷ computer prosram calledCarpeD_em:

forthe ideais,infact.:to ".seizethe day!"--toli_ hieto itsfullest.Itisvitallyimportant

forplanetaryscientiststo get asmuc_has possibleout ofan aerobot'slife.

In findingan efficientroutethroughG', Car_cDiem usesa rMio similartoTsiligifi-

des:11984]measure ofdesir_billty.Itistheratioofa site'sscientificvaluetothe timespent

rc_tchingitfrom the aembot's current.location.We refertothisratioas the "value-to-time

ratio':.CsrpeD_em usesthreedifferemalgorithmsinplanninga routethroughG r,and in

eachone,itsgod flsto maximize the totalvalue-to-timeratioofthe route.

One isa v_y greedyalgorithmthatlooksonlyone stepintothefutureand decides

what int_r_stingplaceto visitnext ba._d upun the _lue-to-timeratioof allsingle-step

tripsthatare legiblefrom the aerobot_scurrentiocxtion.Thisone stepheuristicisa very

6hort-sighledalgorithm_nthatitmight overlookhigh-valueroutesthrougha lax[_enumber

oflow-valuedsitesthatare chmteredtogether.

Another isa slightlyf_ther-sighledalgorithmthatlooksat the value-to-timeratio

ofalltwo-st_ptripst_hatare feasiblefrom the aerobot'scurrentlocationand ns_ thisto

decidewhat sitetcJvisitnext.

The thirdalgorithmfinds_ optimalsc4utiontotheproblemoforienteeringthrough

G _.This _]$orithmusesthe method ofcheckingeachdistinctpath throughG' thatv-isits

allfe_ibienodes i6 N __oritsvalue.to.timeratio.Itthenretux_sthepath withthelargest

result.Because completelyenumeratingalldistinctpathsthroughG' IsvxponcntialinA",

use ofthisalgorithmisonly practicedifN _has a dozen or.fewerelements."/ocompletely

enumerate alldistinctpath,,among 13 interesting_kesr_quiresapproximawly 31 hourson

an IBM I:tS_00 .Model ,")90,
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{aJ Slightly o_et fi_rw_d x_ew looki_g directly

dowr_-ind or. _s{w_rd. South_'ard is to the le_.
(b) ,_ightly off_t t_de vie_" looking north_'ard.
Weetward is :o the left.

" " " ",f_ _' .". :"'," "" ":_ ;';" C_'."_._ .;" ..._; "_'_ ':._;s '., ...... ",""
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• :b_., -3k ;' " ._" -;_.' "._:._,._ "': "_.-..'_ ;_ '._ _k'. ' " "r. ;_-'
• . _ ,_." ._ .-:_,_;,; _._ .,,o" ..._ ,..:, ,_....._, _._;., .,_.,... _-.
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"' " ";_: '"-_'" .... ";_"':'_._:.__: ":', .;_,',',',',',',','1_."....... "".... ., --,.,,_.,,,..,':_.;..'_, . : ..... _.,..,. . .,, :,.
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• '.' ".
..,,. : ._;'.::'.:..:.......'......,. 'e'.-_!'.'_ ._'_-';_:"

_... .;...,.,..:_,.£ -',: . .,. ., _ • -..:... ',,_,:._._:_._,,' . ,_'...
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(c) ,qlightly o_e_ top _t. lot_ld_g downward.
Westward is to _.he }eft.

(d) A tbree.dffuet_io=a] pe_pec_lve |ook_n$

down,ward _nd to the aorthw_t..

F|gure 4.1. & Wpicat Global CirculatiOn Model (GCM). This is a Mercator projection of the
spherical shape of the GCM with an additional vertical dimens'_n to represent altitude. Note
that z MercatOr projection distortsdimensionsby an amount proportional to their distance from

the equator so features at high latitudes appear to occupy more area than they actually do. Also
note thvt we show longitudeSof the GCM in cW rather than the more usualCE aSin Figures 5.13
and 5.15. The colored spheres represent nodes. Most nodes are red, but cqua¢oriatnodes ate
blue and other colors are at the corners of the GCM's prime meridian (0:W). Magenta is at
tP,e bot_.omsoutbeas_ corner, white iS at the top southeast corner, grey is at the top northeast
corner, and yellow is at the bottom northeast corner. This GCM spans the entire range of
longitudes; from O°W to 350"W at 10_ in_ervals..hasa latitude band from 30°$ to 30°N at 0.5_

inte_aln, and contains nine altitudes. For visual cfari_, we showonly a fraction of all nodes.
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V. RESULTS OF PATH PLANNING

A major concernin the developmentof computer programs to solveaerobotpath

planningp_'oble_xzsisthe computazi0nalperformanceoftheseprograms.The taskofmodel-

lug the atmosphere of an entireplanetwith even a moderate resolutionisnormallydone

on a supercomputer.Such.hardware was not readilyavailableforthework in,_Ivedinthis

thesisso_e devoteefforttoenstuinC,thatproblemran-timesatx.notcxcessiveforcomputers
with modest resources.

Except fora 13-siteproblem thatr._uired31 hourso_run-tira¢on an IBM RS6000,

allproblems_._rerun on a 75MHz Pentium personalcomputer {PC) with32 MB ofrandom

acce_ memory (RAM}. For problems withlessthan 12 interesting_tes,totalcure,afire

run-timesusingallthreepath planningalgorithmsare lessthan _ve minuteson the PC.

A. GCM RESOLUTION

As mentionedearlier,accuratemodelingoftemperatureconsiderationsisveryim-

portantto thisproblem. Hov,zvex,we.make._,o unrealisticassumptionsregardingthermal

modding inallproblem solutionsinthisChapte_r.

The first.assumptionisthaiVFR's maximum heat absorptionlimitisI00 to 200

times larger(dependingupon GCM resolution)_han itsrealistScvalueof -_750kJ.We use.

thisassumption becausecomputer memoD, resourceslimitthe resolutionofa GCM that

CarpeDi.eracaalsolve.We estimate_hatwithoutextensivereprogramming,achieving_.10O

timeshigherrtmolutionsrequires--100timeemore RAM. The highestresolutionGCM that

CarpeD_em can solverrtnningon availablehardware has ,,,32km between succe._ivelati-

tudes and .,-211km between succe.ssivclongitudes.The_ numbers repres,,._ntthe smallest

distinguishabledistanc_ in G, and they are not smallenough toallow renlisticthermal

m<)deling--.VFRabsorbsroughlyhalfof itsactualheatlimiti_travelinga diRan_ repre-

sentedby justone of these.stepsnear the surfaceof Venus. This departure_om realistic

thermal modeling isunfortunate,but Cm_peDiem can stillbe 1_ed b.vmissionplanners_:o

filtd tjenertt| aorobot paths foxmissionsat Venus.

The secondassumptionisthlLtin_ieadofperforminga heattra_mfercalculationand

deciding how nexl to proceed at every node i _ N along a path, we check for violation

of thermal co2_st|'aintsat each node i E N' by adding up the totalheat absorbedover

the coursenfc,_chtrip.Ifa .tripviolatesthe.thermalconstraint,then we at_sumoVFR

r_:quircsan.additionalfourdays {onecircumnavigationinthe high-speedwinds at EA) to

first cool off and _hcn make the trip (see F_gure 5.8). We then reset the aerobot's heat-h_xd
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just prior to embarking on the next trip. This assumption does not lhnit the useflalness of

our solutions since eac_ _rip is ss short as the modified Dijkstra's Algorithm can produce

(although this is not necessarily an optimal shortest path). I_ some trip, (i, j) _ A' violates

_he aembot's thermal limit, we can be eu_e tha_ no shorter path bet_,een i and j can be

found by CerpcDicr_. Thu_, _n_; trip starting a_ i _nd ending at j tb.a_ does not overheat

the aerobes must include at least one planetary c_rcumnsvigation to a_lo_v aerobes cooling,

and we include this time in _he solution.

B. G Ea_'ERATING INTEi_.ESTING SITES

Path planning for VFR requires that we first identify the interesting sites in G.

We gi_ Car_eDiera two different capabilities for this. It either generates interesting sites

randomly o_ re_l_ them from a file supplied by the user. This way, planning is easily

adaptable: to many different.missions for differem aervbots--each with its own set of in-

teresting sites. In the following .._¢-e-ections,_'e use all three, of CarpcDiem:S algorithms to

plan routes for se_.xal small extm_ple missions trod u_ the we heuristics to plan r_utes

for a protot_-pic_l mission that explores nuntcrous interesting sites recently doc_traented ia

the planetary geology literature [Head ef 02. 1996]. In each case, the algozitkms attempt

to maximize the objective function value in Equation (3.4} and find the path with the

maximum research-value per time invested.

C. EQUAL PRIORITY SITES

We. fixst fin.d a pat.h through several sites of equal priority with _i - 0 _ i _ Arr.

Table 5.1 shows the site ' coordinates and research-values. Path planning through equally

inte_cst:ng siteS permits a clear focus oa tl_e other issue (travel time} tha_ guides the basic

decision faced hy VFrt. As expected, in the on.e-st_p algorithm (T_ble 5.2}, Carp¢£)iem

directs VFR to .the nearest (in time, not: distance) interesting site in every decision. While

slightly dLfferent from the one-step heuristic's results, the two-step algorithm also tries to

minimize travel time in visiting &ll interesting sites (Table 5.3}. Table 5.4 shows the optima]

path found _.' _orrtpletely enumerating all di.ctinct paths among the interesting sit_ and

c_oostng the one with the largest value-to-time ratio. Since all rites have equal value, this

is the route thrr_ugh all s_te.,; with the sb.ort_t travel time.

D. VARIED PRIORITY.SITES

A more likely mission ,,ontMns sites with a range of.priorities. Table 5.5 depicts

the problem sl,_ above--the same sew, n interesting sites with t_i := 0 V i _ N'_but

36



. _. , • mm I II

,f -_P 7o ! "_s._ I o
n_ " _00I -8.5 ] 5',oo0

- _2 "'-_io'l ' 1:_'I o:000
., I 90 .. 4_:5/ 51o_
_n4l 320 11.5(5,0oo
n_[ 33o lo 5,00-0-
n_ I 240 10.5 _ 5,00b
nr ) 120 18.5 5,000

Table 5.1. In this problem, all intere_tini; sites in N' have equal priority (as evidenced by
their identtcal research-values) 6)and _ are typical measuresof'longitude and latitude with one
important exception: Ois in _W vice the usual °E as in Figures5.i3 and 5.15. Both figures show
rough physical Iocatlons of these sites with respectto other p_an_tary features, but the reader
should remember to convert from :W tO eE (°E = IO - 36CPI) before indexing their abscissas.

' - 61(_W) _ __(©_) I 8(°W) '(b(CN) ,_value (distmace(km) time(da,_s)

'2.' _0o -8.5"' _1o' _l.E'5,o0a-2.q.ox_lo¢ '., 2r.o'8
" 3 210 1.5 320 11.5 5,000 2.14x106 23.84

" 4 _20 11.5 240 10.s %:0.00 q.29×zo_ .... _9..
5 240 10.5 ]20 18:,5 5_000 1.Mxl0 _ 1L36

_6" _ 120 18.5 90 4.5 5,000 3.01X10 _ 27.20

7] _o a.,_ 33o _0 5,000 i 3..98x_0_ a8.06

Table 5.2. One-Step heuristlc's results o{ path planning amont[ equal prioritysites. Total travel
time :_penton this route is 148.96 days.

al_o with randomly generated.re_axeh.values. The one-step heuristic's reauh$ in Table 5.6

demonstrate its t_reedy nature. Siz_ce most travel times iz_.G' are simila#, the lazgcr relative

differeuees between sit_' values dominate the planning process, In Table 5,7, .we _how the

two-stepheuristicslightlyo_settingthisg'reedirtesswith a longertectaplanningapproach.

h producc_ Itslightlybetterpath than theoil-steph,.,uri,_tie.,Pinslly.TableS.$shows the

optimal path for this ca,_e.

Alrhm_gh the reseazch-va)ucs associated with the seve_ interesting sites are com-

pletely different betweeu t,his problem.and the last, notice that the optimal paths ,arc

id_:niical. T..he or,ritual path. planning _l$orithrn with n, = 0 ¥ i _. N' c,mtaias an op-

timistic a._sun.,ption---that the aerobot survives long enough to visit each site. Since we

ChUm,t-rate all paths, the one havi_8 th_ largest scientific value for any finite lifetime Ic._s

tha_ this maximum can be identified.
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Jo(°W) )_ IOn) P (°w)
z l 7oi -13.5 2oo

21 2oo -s.5 240
i 3 _4o 1o15 90

4 90 4.5 320

5 32o ii._ 330
6 330 107 120

7 i_0 18,5i _o

Characteristics

_C N), value dlstance(km) { tlme(days)

10.5 5,000 2.43x I0 _ 30.09

4.5 5,000 1:51:<10_ I' '23,96

' 11.5 5,rooO 3,25110 _ .... 17.71
10 5,ooo z.a9xzo,, 2i.41

18.5 5,000 1.16×10 _ " 22.80-
1.5 5,000 3.141z0_- 29.86 '"

Table 5.3. Two-step heuristiC's resultsof path planning among equal priority sites. Total travel
time spent on this route is 151.8Z day_. Notice that in this.case,the two-step heuristic produces
a longer path than the one,step heuristic, Although it most often producesshorter paths, there
is no guarantee this w_ll_lways occur.

e(°W)
1 70

2 2O0
3 210
4 330

-5 ] 240

0 (ON)
- 13.5

-8.5
1.5
10

10.5

18.5

4£

Destination

0 ('W) ;' _ (° value

2ooI -s.sS,r000
21o[ 1.5 5,ooo

, t , ,

330 10 5,000
• r

240 i0.5 5,000

120 18.5 5.OOO

!d,,t,=_(k',)
1.34110 a
2.4Ox]0 _
2.15110 _

9.29×10 _

1._11o _
90 4.5 5,00b 3.dz×]o_ '

32o.i_i5-5:000_. 3._5xzo_

I

Trip Characteristics

time (daYS)
15.97

27.08
24.19

19.10
, _ r

17.36

17:71

Table 5.4. Bern path (with the shorte_ total travel time) for visiting several sites of equal
priority. This is found laycorr,ple_elyenumerating all distinct paths in C _and choosingthe best.
To_l travel time is 14_.61 days.

0_____ 70 ._ -13.5
'n.z 200 | -$.5 ,. 4,125
n2 210 ] 1.5 1,456

. nai • 90 4.5 3,324
n_[ 320 II.5 702

' "L_.. "330/ i01 3,451

i_ . 240 10.,5 1,763

_1 120 18.5 1,162

T_,ble 5.5, In this problem, sites have randomly generated research-value.Therefore, the largest
cost-to-value ratio cJepends on both travel times and research-values.We number sites as in
Table 5.1
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ETri] _n ; TripCharacter_;tics

!_(_:W) i¢(_N);8(_Wi :_¢(°N)_i'_lue diSta-z_ce'Ikm)timeIdays)

" I _w 77-_ -13.5 i 200 -8.5 ',4,i_5 "1.34x'i0_ 15_97

2 200 -s.s[....330 ]oiz.4sl_ 2.s_.xio_ 29:61
3 3so lo _ g-o 4.5 ) 3.324

- _ O0 4._ _40" zo.s 1,763
5 240 10.5 120 18.5 11162

--s - 12o[iIS.5_ 2io 1.5!,456
7 210] 1.5 320 11.5 702

l.l:;xiO6
' ,T _ i

3.54x 10°
J ,= _, ,

1.54xI0_

i 3.14x10 _
I

I. _.14x1_"

28.70

2s.s_
i7.3_
29.8"
23.84"

Table 5,6. One-step heuristlc's resultsof.path planning among varied priority ekes. Total travet

time spent on this route is 169.21 days.

12 Pl
_ (_w)_.__<_(_._)

I 70 -13.5

2 200 -8.G

3 90 4.5

4 330 10
_I 240 :-io.5

Destination " Trip_C.'haxacteri_tics I

200! -815 _ 4,125 i 1.34x10 _ 15.97

_so! io1S,4_1 _.2_×io__ _.o_
240 i 10.5 ) 1.763 g.29x10 :_ 19.i0

- -6] 120:- J8.5 2],0 1.5 )I,;56_ 3.14Xi0" 29.'s6
_] 2_o [ 1.s'i--_2o iz.s_ 702 Zi4xlP "23.s4

Table 5.1', T_-step heuristics resuhSof path planning among;varied prioritysites. Total _ravel
t_me_pent on this rou_e is i5_,37 days_a slightly sh0rt_r path than producedby the o_e-_ep
heuristic.

"r

Origin Destination Tri

--- o(ow) ¢(oxL} _T_TrNU-B:_,._" _t_O,_) ti_(aa_)--T'_ vo..-l._)._ _oo -_s._ )4,_ 1.s4X ,_- ls,9_
2 200 -8.5 210 1.5 I 1,456 2.40xI0_ :: "27.08

_T 3 I 210 1.5]--_3_0 "I0_3,4_.I 2.1Sxl0_ -24.19

_ i_3oI__o 2_o io.s11,_o._o_ i_._o
i. _._" ".'_'0| 105 " i20 18.5 I._2 I 1.54xI0_- 17.36 '_

V--fI---9o-_,_.S_ 32o _:s 7o_I s._,_;,to_"I "i_._i

Table 5.8. Best path (with the shortest total travel time) for visiting several sites with varied.
priority. Found by cornpretefyenumerating all distinct paths in G' and choosingthe best. Total
travel tir_e _s148.6!days.

39



E. AN IgLEVEN SITE MISSION

As mentioned _rlier, any world explored by an aerobot, is likely to have many

inter_ting sites. Here we solve an ele,_en site mission with randomly generated research.

values (Table 5.9). We again use u_ --- 0 V i E N'. Because of the exponential nature, of

complete enunmration: problems with more interesting sit.cs than this should only be solved

heuristically.

The one-stepheurisfie'Ssolution(Table5.10)seekshigher prioritysitese._rlyin

the mission. Table 5.11shows the t_x_-stepheuristic'ssolutionwhich pursuesa similax

bat farther-sighted.stratc_v,.resultingin a 10% bettessolution..The optima_solutionin

Table.5,12againas,sumesa su_c_em lifetimeto visitalls_tesand clearlypayslittleheed to

sites'research,values,focusinginsteadon.totaltraveltime.With allI_thsenumerated,the

one with the largestscientL6cvalueforany/_ni_elifetimelessthazathismaximum can be

identified.Alsonotethatthe optimalsolutionisonly10% betterthan thatofthe two-step

heuristic.

co )Ly  uq
-13.5 0_

'7 6413 ]

; o (ow}.
n_, 70

170

rt2 _ 130 24.5 6053

na 5O
n_ aoo
n5 270

[ ns 70
n_ 210

180___nn_
n._ 90

n_0 240

r_tl 330

20 5794

15.5 4070

i_ 4_a9
20 2_8-

-20 2385

19._ "160"--'W-

"-201 _3
-22.5 I 753

Table 5.9. A larger problem with eleven interesting sites and randomly generated research-
_dues.

F. PROTOTYPE VFR MISSION ,

As Inentionedeaxli_.¢,sci_,nr.istsha_'estartedto chinese_nd pziori_izethe interest-.

ing sites a_ Venus. Specifically, planetm'y geologists are most interested in tessera terrain

{thmqjht to be some of the oldest stations of the Venusian crust) aud the boundari_ be-

twe.en plain.,, and tesscra terrain. The n,,xt priority is terrain with farra or _teep-sided
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1 70 1
2 170 t
3 sO'

4 ]30
iTr

I 5 _00

--7 70
186

9 210
10

11

Ori:" Destination

:1s.51
7

2O

24.5

1,5.5
,,c .

15
2O

19,5
L.20

240 -20

33o1 -22.5

4,82xi0 _

3.63xi05"
&lOx10 __

4.21x 10s Ill

1.29x10_''"

z.S0xio_ '

17o[i 7 6 1s
150 j I_0 l _94

130 24.5 6053
., IT"

300 15.5 4970
- 270 .... i 5 4439

70
- -180" i9.5 1607 ' ' _,,81×10 _

210 -20 2385 3,79x10 e

240 - -20" _ 853 2.70110 _"

3S 0 "_2._ -- ''7S3 ..... 2.4_ X lO _ I.

9oI_l .s 996  . lx oo

2&00 f
17'.13
20.72

24.77

 o,o2'
2 .os
22.45
35.53
20.72
21.41

37.85

Table 5.10, One-step heuristic's results of p_th planning for the data in Table 5.9. No_e
that. sites with higher research-value Lendto be visited earlier, but that this is not a firm rule.
Sometimes a site'_ proximit7 makes it very appea!ing even though it has little research-value.
Total travel time spent on this route is 268.63 days.

1 70 --13._ 170
' ' 2 -- l -- 170 7 130

3 _ 130• 24.5 50 3.97x lO_
ll 4 L _() _ 20 3_ 4970 _ 4.9_3x 10_

-- _ " 300 _ [ 5 " 5 l 270 15 _4439_. "" 1l.'_9X10 6

6 270 _ 15 70 20 2548 1.80x10 _
7 70 20 I_0 19.5 1607 4,81xi0 _

8 180 19,5 90 ! i6.5 " 1996_ 13_30X10_

---'9'i' 90 16,5 330 -22.5 [ 753 4.63×10 _

I0 i 330 -2215 .... 2_'0 "20 ' 2:_5 .... 4"BSX Z{_--
-,.0 240 -20 853 2.70x10 _

"i_ip Ch_acterisd_-

7, 6413 4:82x10 _ 25.00''

24.5 6053 3.70x i0 _ 17:94
--2o--_794 18.87 '
15._ zs_7_

20.02

23.03

22.45

18.98
32.29

17.94

20.72

Table 5.11. Two-.,._ep heurist;c's results of path planning in a larger problem. Total travel time

spe:nt on _hi._ route is 236.0{) days. This is about 10% shorter "_han the path produced by the

one-step heuristic.
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[-Trip I Orig_n ]--De_in.ation" Trip Charactcrist!cs --

1 70 [:-.13.& [-- 240 : 20 "_3 i:69x10 _ ! i5.(}5

-2 240 l '20 I 330 i-22.5 i 753 ....Z43.× 103' 'i 2i'A1.
3 - 33() __"22:5 _ -. 210 L20 [ 2385 4.88x10 s i?,04
4
5

6
7
8
9

10

1i
l_

Table 5.12,

210 -20 170

170

'90

270

300 i180

7 9O
16,5 270

I_ 130
70

20 3(10

t5,5 180
i0.5 -50t

7

i6_5

15

24.5

15,5

19,S

 413 s o2×zP

896 I" 3'67×10_
4439 4.20>:I0 =

6053 1.50>t10 _
2548 ......... 3:99×!0 _
4970 4.58×i0 s

!607 i.19xlO 6
5794 3.25x10 _

35,53
18.29

 7.1a-
16.32
io.33
i8.52
z7 43
17.36

Best path (with the shortest total travel t'tme) for visiting severalsites in the larger
problem. Found by completelyenumerating all distinct paths in G_and choosingthe best.Total
travel time is 214,35 days, about 20% better than the path produced by the one.stepheuristic.

domes. These are pancake.likestructuresthought to be associatedwith vxtlcanism,but

=otl_ins llkethem ha_ been ohservedarkvwhereelsein the _lar system. There are thr_

sucl_domes inTinatinPl_n_ti_,s low-lying;plainnearGuir_cvcr¢Planitia(Figares5.1and.

5.15).They are most likelycausedby upwellingso:[magma fxom deep withinthe planet's

mantle,Geologistsme alsoimerestedincorona('.ArtemisC_ron_ (Figwes 5.2and 5.15)

istI_¢]axgest.coronaon X,renusand isthoughtto be • locationw_neres_bduction(likethat

on Earth)occurs..Altl_ouEhstillveryinteresting_ogeologists,l_rgeze_ionsthai.atehighly

rdlectivcto radar likeThetisReg'_o(Figure5.3),Ovda Regio,and AtlaRegio,alongwith

mountains likeOzz_ Mons, Meat Mons_ Guls Mona, and SirMons areoflesserimpor_tmce

than the other t;errain types !Head et el. 1996].

As a finale_ampleofthisthesis'results,we usea subsetof28suchsitesforplanninga

pro_,o_ypicalmi:=ionf_>rVFR. ']?able5,13shows thesesites.Most alsoappearinFigure5.15.

"r.,_hle5.1,1shows the .tou_eplannedby theone-step,heuristicand Table5.15shows thatof

the tw<_-st.ep heuristic. These two path leng_h:_ differ only by about 2%.

G, PATH PROFILES

The tablesin th;_schapter succ'mctlysummarize an entireaerohotmissionfrom

atmosphe_:e inse:tion to fin_d destination, however, there is much detail that they cannot-

represent.The atmo._;l_h<_reof Venus isvery complex antisince,an aerohotiswind-born

while voyaging..the paths bet.wcen any origin a_d d_tination are similarly complex they
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follo_,the wind patterns.Besidesoriginand dcstination,information_bout thesepaths

iscompletelyabse_ttfrom the tablesprofilin&azlentiremission.These ,satinsare interest-

in8 in thei_o_'nlight,however. Studyin_ them revealsa greatdeal about atmospheric

characteristicsand rn_y help_ piannertobetterchoose_md prioritizeexplorationsites.

Alt)aoughthe GCM in.thisthesisisonlya_implifiedmodel and lacksmuch detail:

aerohotpalhs through it.arestill.._rprisinglycoxnplexand offer,a greatdealcf insight.

I_ th_ssection,we presenta samp!ing of.thepaths_betweensitesforthe.VFR missionjust

plmmed. ARho_h we do not show all2_ tripsrequiredtovisitthefeasiblesites,Figur_ 5.4,

_.5,5.6,5,?_5.8:and 5.9showythe firstsixtripsafterin_rtionthat._rFR takesto explore

the planet.Wc show otherroutesinFigures5.i0,,5.11,arid5.12because.theydemonstrate

some un,usua[and interesr.ingpaths through the GCM. Refer.toFigure4.1to placethese.

p_hs in coute_xt_withthe _emairdngnodes ofthe GCM.
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_2

_3

9T5

_6

n7

r_

BIO

n12

hi4.

9_15

_R16

1117

hi8

n_sa&
n_o

1121 1

n22

Name of( are 0

_0 -13.5.... 0"I
Flos_hilde Farra so ao 7500 1
C_m_ta_Farra ' ' 350 _ 12 7000
Li.ba_ Far#a I0 -25 7000

Parga Chasma and Corona " "ii0_-- 15 " 7000

Artemis Chasms and Corona 220 - "_7 7000

o,h_ F_ 340 s 6s'-_
Seotitsu Faxra 350 ---30 650_-'_

Diana Cha_ma 2_" =I0 "'6000

Ddi Chasma 190 ' -20-1 6000

Ganis C'hasma 170 25 6000

Rusalka Pianitia .... i80 ' 0 ' 5500
Ozza Mons 160 ' 4 5000

_ i. l II "_

CrestofAtlaReg!o 160 0 5000

Cresl.of erda Regio _.60 -6.5 5000
r , l= "_ = ' I

Phoebe Regio '. 80 -6.5 5000

Thetisl:teg,io....
UlfrunRegio "'

Asteria Regio

Beta Regi.o,

Hyndla Regio

Sif Mons

I
I

230 -10 40OO

140 20 400(}

90 20 40OO

70 25 3000

60 20 3000
6 22 looo
IO 25 i0(z)

t

80 25 1000
i B23

n:_4 _TheiaMons

n25 J CenterofAlpha Regio " 0 " -125 1000

'-'_.___St_ppho=_atera - 340 _3 I000

-ff,_._-_"_T-(i_--_=__;_aped _.=_e) 0 -3o s_

Table 5.13. A more realistic problem containing 28-interesting sites with their geographic
names and feat_Jre:;.Research-valuesare. based on rough meast_resof importance as indicated

by Head _.=tal. [lgg6].

.l.t



ii [ ml..................

e (=W)
70
IO

190

Ori " %-ipCharacteristics

@(_)] 8(=W) _.O(,'l_)!value di._ncelkm) time(days)-
-13.5( -1o_ -2_ _ fooo 2.9ox]o= IS.78"

-2s iSot--20!6000 i.ss;_o_ 2s.96

160
90
140

180

170

16{)

-20

-10

-615
I -6.5 so
1 1or 350_
I 12 11o.

18 170
25 34o

5 160

4 90
20 ]40
20 180 _'

0 170

_oo -_ol _o-o0

80 -6.b_ 500026D- -6,s ,_o}
!o.]._sp.o
12,"000
"i5 ;obol

' 6000
8 ....6soo
4 ,5000

20 4000
2O

0

1

&61x I0_" 22.45

5.86x10 _ 19.10
1.'O'axzo6 l zT.3ti- -

_.29x'io_ I 2L93'
2.56x10_ i ' 18.$7

8.05x10_ _2.92

4.4.qxIo6 "_.o.o2

5.01xlOe 31.37

g.lOxi0_ I 17.48-

3.6BxlO" 17.94

_1000 3.34x10 _ 21.08

55oo" 8:52xio 5 29.s6
5000 4.15xI0_' ' 21.41

I 160

o 70 i
2_ 60

20 230]
-I0 "0'

._ -25 I0
, 25 0

i 22 80

7o j

3.3sXio _ "25.69
6.22x10 _ i6.90

2.91xzo___ _ 2o.25
2.77xI0_ 34.28

1.78x10 e . 21.18 -
35.76
19.91

0 _ 5000

25)sooO
20) _0o

-io I 4O00
-2_ _o_o(
25 1000 1.07xlO _
22 I000 2.09:<10_

2_.i-io.oo 2._0x_0_
13 I lOOff_ 1.74x10 _

20 j-'-_-_- 3_.37x10 e' I

20.72-

28.04
21.53

Table 5.14. One-step heuristic's results of path planning for a realistic problem. Total travel
time spent on this route is568..75 .days.
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I I 1 II

Ori " Destination

!0(°W) }_(0N) O(°W) ¢(°N) '_lue
1 : 70 I -13.5 200 --10 6000

2 '200 -1o so -s.s S0oo
3 80_ -6.5 i0 -25 7000

4 I0 -25 180 0 5500
s lSO o so io'"7500
6 80 lo 11o h_ 7000

7 xio 15 350 12" 7ooo
3----'-5"0"i2 170 25 6000

17o 25 '" i6o 4 5ooo

]0 160, " 4 340 5 e80011 340 5 170 ' '1_ 5000

.... 12 170 1 _o -_._ _5o0o
_3 260 -_.5 160 0 5000
_4 !60 0 190 -20 _ 6000
_5 190 -20 2s0 -10 4oo0

Characteristics

 iist nce

1.33×IP i IE._35.86x106' ' 19.10

i.79 x 106
2.0i x 10_

4.05xI0 _

2.68 x 10_

4.33 x I0e
3.o8x 10_
4.84'x 10_"

3,57 x10_

9.21×10_

3.48 xI0_

3.ooxzb_-___

17.25

32.87

18.40

20.95
18.75

....._2.22
3o.2i
_25
23.15

22.92

24.31

6.71xI0e 28.24

5.63xI0_ 23.03
10 230 -10

17 340 13

18 90 20
19 140 20

20 60 20

21 70 25

"-2T_ lo 23

_1 o
_5, 70

340 13 looo :' i.7?xlo e 29.51

90 20_ 4000 3.38xi0_ 21188

140 20 4000 '3.34'x 10e 21.06

60 20 3000 7.20× i0 :s 18.40

70 25 3000 2.58x10 _ ' 19.33""

80 25 lmO 2.92_:10 _ ' 19.56
I0 2_ looO 1.76×10

0 22 1000 2.09x10 "_ 19.91

70 20 500 2.50xi0_ 21.64

0 -23 lO00_ 1.?9xiO _ 33.56

Table 5.15. Two-.,;tep heuristic's results of path
:ime spent on this route is 557,18 days. This is
on.step heuristic.

planning for a realistic problem. Total travel
only 2% shorter than the path found by the
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Fisure .5.1, Three steep-sided domes in Tinatin Planitia located at 12°N, 8°E with approximate

radii of 31 kin, 29 kin, and 10.3 kin..Magellan image from C1-MIDR at 15°N, 9°E. Illumination

is from the left. Geological formations like these are unique to Venus and planetary geologists

associate them with 1;he buoyant ascent o;r magma from deep within the V(,,nusian mantle. See

Figure 5.15 for location of this si_e relative to other interesting geological features on Versus.
Source: _ttp://_v-geodyn.mit.edu/tube .ht_l,
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Figure 5.2. The largest corona on Venus, Artemis was Tnitially recognized as a chasma based

on Pio_eer Venus topography data (F'_gure 5,15) which revealed a deep. curvinK deixe_ion.

More detaited topo&-raphy from Magellan shows a nearly clrcular trench (Artemis Chasma) that

s4Jrrounds thl: corona with a diameter Of over :2.000km (1.250 miles). "The corona rim rises

as much as 6,000 m (20.0Q0ft) above the bottom oT this trench, and the interior is a plateau

standing 2.000 m (6.500ft) above the surroundin K plains. Based on the similarity of the shape

of"the trench to the shape_ of"subduction zones on Earth and on the pre_ence of positive l_ravity

and geoid height anomalies over the plateau. An:emis Corona has been identified as a potential

location of subduction on Venus. Source: 1_,.¢_p://m_. ems.u¢).a, edu/hy]x_z_4sp/corouae/
ar_:em_.a, htn_l..



Figure 5.3. Regio are large areas marked by reflec_ivity Or color d;s_inct;onsfrom adjacent
areas. Hero we strew Theti_ Reg;owith color contours murk'ragelevation ofterra;n relat;veto the
mean ptanetar_ radius. Figure 5.15 showsThetis Reg;o between Ovda Regio and Aria Regio in
Aph_'ocliteTerra. Source: l_t_p://vra, ees ._zcl_, edu/hypermap/k£ghlands/thetis.hcml.
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{t) Sitte vit_ looking northward. Vv_t_rd is
to tl_o left.

(b) Top view Ic_klngdownward. Vt_,ward is
to the left.

.r

p .;

(e) A three-ditu_._ion_l perspecti_,_, lot,king
do_'_wavd _cl to the _orthwem-t.

Fisure 5._1., The rotate VFR follows from the atmosphere insertion point, nip to Liban Farra. a
group of steep-sided domes near Alpha Regio. The colored spheres represent r_odes in the GC_

(see Figure 4.1 for _ sketch of all nodes). Red spheres are unexplored _nter_ting sites on the

planet's surface, yellow spheres _ark the corners and equator of the GCM, and blue spheres

highlight the path _rom the. origin of a trip (marked with a &rey ,;phere) to its destination
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(a) .eide vie_, looking ztorthwazd, Westwgr_t is
to the ]ell

• ' '" " ": -; "i

/,

• ...

• - . ... *. . ,
l

(h) 'lop slew looking dove_.rd. Westward is
to the ]eft.

.' . • .

j.)"

(¢) A thr(._-dime,_onaJ pc_p¢ctive looki,g
(Iow_ward _nrl to the :_ort.hwe_t.

Figure 5.5, The route VFR followsf_on_Liban Farra (grey sphere) _o Dali Chasma, a prominent
ri_t in Aphrodite Terra between Thetis Regio and Atla Regio. See Figure 5.15 for loca_.,onsof
thes_ sites rel_tiv,, = to other Dlanetary features,
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(a) E_ideview l_oki_tg :lorthw_rd, Wc_tw_d is
r_ the left.

_ d

h

'., ,,_,p- • • _e , - _,_ bf b • ,,

(b) Top vie_, looking dowt_ward, Web'tward/s
to the lcf_,

..J

..J

J

(e) A thr,.'e-d_mensic,na.I propel:tire looking
dow: ;ward and _o the r_or_hwe._t.

Figure $.E. The route VFR follows _'rorn Dali Chasma (grey sl_here) to Diana Chasma. another

prominent _'i_¢in Aph _oc_ite Terra near E)ali Chasma. The w_ite sphere in th_ lower Southeastern.

corn_:r of the GC_/I is Lil_an Farra. It is white ;ndicati,g that it _as already l_een visited _/VF_.

The _ecl sp_ere_ • .'- i_te_res_ing sites _hat remain on VFR's itir_erar_:
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(a) Sldc view looking norr.bward. Wmt_,ard i_
t_ the left.

(b) Top _'iewlookingdo_,ard. W_ward is
to t,b.t:left.

. o,t
3

J

:.$

.o

(¢) A thr_._-dimonsionM l_spective looking
dow_w:trd and to tt_e ttorthwe,t.

Figure 5.1. The route VFR follows from Diana Chasma (grey sphere) to the crest of Phoebe

Regio. (ocated be.tween Asteria Regio and Themis Reglo. Now both Liban F:arra and Dali

Chasma ha_e been visited ;3s indicatt;d by *.:heir white color•
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(a) Side view looking northward. W_tw&d is
to the left.

• °

• ' . .° . . , •?_.' ", .

, q

.'," ._..'. _ • ,_ •

• ,•-.,

e

(b)Top view loo._dngdo_ms_rd. Westwazd is
to the left.

g)

d

(c_ A three-_mcnsiona] pe,rslvcCtivelookizlg
¢_ownwa#d ,._nd to the northwest

Figure 5.8. The route VFR follows from Phoebe Regio (grey sphere) _o the crest of Ovda
Regio ztt the far Western edge of Aphrodite Terra. Although this path shows VFR returning to

the .DlanetaP/surface immedl;ately after reaching its EA, the time spent on this trip includes a

four day trip ;_round the planet (not shc_vn) wh;l(: at EA to permit adequate cooling time before

returning to the hot surface.



(_] Side tiew looking rlor_bwazd.Vqest_,ardis
to the left.

• , - [ .;: :

". ' 't . , ,
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.. ,.,.,#_,> ,., . ...".... . .
m

(b) 'l'opview lookingduw_-4rd.. Wcst_'_tdis
to the left.

. °

..: ._ _..)

" _

_,t}

(¢) A thr_-dimensio_l p_.spective loukix_f,
&'_w:_w_rtl_nd _:o_hc nor_.hwc_t.

Figure 5.9. The route VFR follows f_on_ Ovd;_ R_:glc_(grey sphere) to FIosshilde Farra, another

grout_ of steep.sided _omes situated in a low-lying pla'_n midway be_veen Rhea _ons and Phoebe

Regio.
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(&_ _T_rd vle_ l<_km_ d_rectly do.wind or
_tw_d. SoutAw,_rd is to the Idt

. .' .

" _'_ _s_, .

,,'.**.,

•

.q
..t

(b) Side view _ooking north,"aid. Westward
i_ to the ]eft,.

,_t at

..-?,.

j 9

(c)Top.view lc_king do_'_ward. Wo_tward is
to the ]eft.

(d) A three-diraensionalperspccth,e looking
downw_zd and to the northwe._:.

Figure 5.l.0. The route VFR follows from Aria Regio (grey sphere) near the Eastern edge of

Arhrodite Terra y.o Beta Regio near Rhea Moqs ;znd Theia Mons.
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(a) Forward vio_w looking directly downwind or
• _est_'ard. ,._outhward is to the left.

o.

• .._.)_ ,_./'_'_ _: _,:'_

• " j_1"

• ..<;',.._"

(b) Side view _ookinK northward. West.wsrd
is to the left.

._ ,.,_ _ " _

"3
.a ,j .J

•" '_ i_

{c) T_p riew h>oking downw_,_rd. Wesr_:ard is
tu the Icf_,

(d) A three_(fimcn_ona_ l_r_pcc_.ive _ooking
&_wnw_rcl a_=tl tu the nor_h_et.

Figure 5.11. The rou_e VFR follows from Hyndla Regio (grey sphere) just East of Theodora
Pa;era to Thetis Reglo. Figure 5.15 shc_vsThetis ReglobewveenOvda Regio and At;a Regio in
Aphrodite Terra. FiEure 5.3 showsa more detailed image of"Thetis Reg;o.
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(a) _orw_d view l<_kJng _irectly doxv_w_ndor
westward. Southward _ to the left.

• :.:..'", , . .

:t . . •

• . . • . _@ ¢:_,

. II'_ _ •

° ._t. ......

._.,.,._ • ,-

{¢) 'Y'I-' view.h_king do_'_w_rd. Westward i_
to t]ac left.

(d) A three., dJmendonal per_pe:tivo.looking.
downwa_-d and to thenorthwest

Figure 5.12. :The route VFR follows from Alpha Regio Cgrey sphere) betv,een Lavinia Planitia

and Aino Planitia to sir Mons at the WeStern edge of Ei_la Regio The equator-crossing portion
of the trip sh(_vn here and in Figures 5.9 and 5.:11 <_ccurs at a low altitude because the GCM

includes only z_single Hadley Cell. Therefore, rneridlonal wi_ds that are _qu_tor-ward only occur
in the bottom half of the GCM.
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FiglJre 5.1.3. Topography of Venus according to Pioneer Venus Orbiter. Color contours Show
surface elevat;on with dark blue indicating lowest and bright red _nd_ca'clnghighest. Entry sites
of several Russian Venera probes are shown, Figure 5,14 shows a different perspective of some
of the same locations, as.wel_ a5 entry sites of .severalUS exploratory probes. The Mercator
pro_ectionexaggerates the areas of features at high latitudes. Source: [Hunten et aL 1983].
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i

PV

PV
Buse

Fi8u,'e 5.14. The entry locations of the Pioneer Venus (PV) and Venera (V) probes.. All the

probes pen¢._;rated the d_ep atmosphere except the PV bus which burned up at 110 kin. These

sites _re all in =he equatorial region between -,,30°S and ~30°N except for the PV North probe

which enter_.d a_ 60°N. Almost all the probes have entered bew_ee_ local midnight (the antisolar

merid'_an) and local noon (the sub,_olar meridian), "The Vtl and V12 probes landed shortly after

noon. Atso =ee Fi&ure 5,13 for locations of the probes relative to planetary, features. Source:

[Hunten et .1/. ]gLR3].
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Figure 5.15. Topography of Venus according to Pioneer Venus Orbiter. Co)or contours show

surfaceelevation with dark blue indicating Iowe_ and bright red indicating h_ghest.The Mercator
p_ojectlonexagg(:ra_e$the areas of features a*. high latitudes. Source: [Hunten et aL 1983].
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VI. CONCLUSION

Planetary _plorat.ion pushes the boundaries o£ human knowledge. A passionate

interest in the exploration of our universe---be t]_at the neighboring countries, the continents

acros_the ocean,orthe phnets ofo_ solarsystez_and realmsbeyond--ha_alwaysbeen a

strongcharacteristico_our species.Learning%.. why the worldwa_s and what wags it..."

[White 19._8]isa deep-seareddesireinhumans and _'ereapmany _c,_tbendit.sfrom this

curic-'ity.

Th.ethingswe_learnin exploringnaturecontinuouslyraiseour standardof living

and often do so in completelyxmanticipatedways, .Therearemany obviousand practical

bene_tsthatfullyjustif7 exploringneighboringworlds_we findimportantcluestothepast

and potentialfutureo_ our planetin.doingso.

For example,concernabout zhe ';greenhouse_t:' on Earth came aboutlargelya_

a resultc_the discoverytha_ the _tzmosphereon Venus isloadedwith carbondioxide_d

thatit_smuch hotterlhan itshouldhe givenitsp_oximirytotheSun. We now understand

enough about:the Venusian atmosphere to seethe resultsofa runaway greenhouseeffect

and realizethatsome ofthe same processesareoccurringon Earth.With thisknowledge:

we raay avoid init.iatin_a similarproblem oR our world as we slowlycltangeitsglobal

environmentby our presence.We alsoknow that.Mars once had vastoceansofw_,_erlike

thoseon Earth....4ridthatitisabsolutelyb_rcn ofMI ]iq_zid_ater and has almostno

at.mospheretoday.Corld the same happen to our planet?When we understandwhy mad

how-the.waterle_tMars. perhapswe can answerthSsquestionwithsome degreeofcertainty.

These are jusztwo obviousissue_that highli_tthe ways in which planetaryexploration

improves our livesand future.Holdover,thesebenefit_arc only_condary_inimportance.

The overwhelming rea_n _o explorethe planetsisthesame asthatwhich existsforallof

ac_d,._mia--ourpressingd:riveinthe pursuitofknowledge.

We _ave been cap_,blcofexploringtheotherplanetsinthesolarsystemforIc_ than

40 yearsa_d though,we initiallystarteddoingso inan aggressiveway.thelasttwo decades

haveshc_ • dearthofmissions_eavingtheimmediatevicinityofourplanet.A largepartof

ther_asonforthisneglectisthetremendons expen_ associatedwi_hplanetaryexploration.

l,',vcn_uelly,sp_ceexplorationn_ustpay forRself.,and _hisseems tobe startingMready with

thes:_te]lit,ecomrnu_icationsindustry.However_intheinterim,governmentsfundtheeffort

and itis_here_oresubjccttothe whim ofpublicopinion.Expensiv_projectsarethe firstto

sulfcri_ ti_ae._ofshrinkingbudgets,and fortho_cwithoutobviousand im_ned:a_ebenefits

likeId;_nct_ry explor_.io_:_fundinggo_s ,_way_ry quickly.Becauseof this,any re_eazch
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that h.elpe improv_ our ettic_ency _a exploring other worlds is of the utmost importance. If

we cannot explore iuexpensively, then it vdLl not occur with even a modest frequency.

Venus Flyer Hobot willbe .thefirstroboticprobe ofitskind and even though it

promises tobe relativelyin_pensix,e,any improvement in.itse_iciencyatdata collect.ionis

likely_o be wry valuabletoplanetaryscJentists.With thisthesis,_ presentwhat seems to

be the veryfirstwork ofitskind_--optimizingtheex'plotationofotherworldswith a three-.

dimealsionalrovingrobot.We have done s proof-of-conceptand shown thatit.ispossibleto

designa .best-c_emissionfor VFR (andotherprobesl_keit).Other usesforthisplanning

include:(I)determiningthe.valueofaezobotswithdiff_cntlifp_.im_;(2)findingthe _due

ofdiff_entatmosphere,insertionpoints:,and (3)studyingthe co,t-effectivenessof different

_robot designs.

There remainsagreatdealthatcouldbe donetoimprovethiswork.themost obvious

beixtgtoadd thecapabilityofpiamfinge_plorato_,missiom inveryhigh_solut_onmedals.

The coarse.GCM resolutioxlin the problems we presentin Chapter V has an additional,

previouslyunmentioned consequence:tripsareuzlreMisticallylongindistanceand duration

becau_ a_lthe stepsarelarge.Paths made up oflongerstepsarenaturaJ]ylongerintotal.

Per example, ant,_erobottripmust comistoffirstrisingto itsEA, thenreturningto the

surface.Fi_mlre5.8shows a path thathas onlytwo stepsmore than thisshortestpossible

trip,and itencompasseshalfof the planetarycircumference!Clearly,higherre_olution

modcling capabilityisone the most importantfatutedevelopmentsforauy contimmtionof
thiswork.

ha ad.dit_oatoh_,udlinghigherre_olutionmodels,betterthermd modelingcouldbe

done th_t:_m_idsresetting_he aerobotheat loadbeforeembarking on everyjourneyand

insteaddoes realisticmodelhJg ofhc_-_trejectioninthe tipperatmosphere.Also,the GCM

generationprogram, #gem, islimitedin itsabilityto createmodelswithlatitudesmuch

beyond 45° from the equator.There arc,.somevery interestingplanetaxyfeaturesabove

60°N latitude(forexample,Figure5.15shows Ishtar_'l'exrawithtbxeeveryhighvolcanoes--

AkzlaMonies, FreyjaMonies,and Ma,x_ll Montes,the high_._tpointon Venus)thatugcm

cannot even createwithoutgeneratingan excessivenumber ofnodes..

Anothox signRicantimprovement to our work woldd come f_om modeling three

Hadley Cellsin the atmosphere_e.sshown iu Figu_e3.5 _nsteadof onlyone. This would

keep eque.tor,-cross_ngpath_ from beingforcedto tilehot,low Mtitudesas shown in Fig-

m'es5.9,5.1l,aad 5.12._nsteadper_,_ttingmore rea._'mal_k.,high-r_titude_:ros_ng_.

We concludeby rtotinlZth_ crueiM_:portan,:eassociatedw lh obtainingtheme/_-

mum _-_luepo_ssiblc.--howcvc_defined-_n_.nywnture voyage,ozj__r_¢.'::,and the critical

ro]cthatoptJmizasioncan p!,_vm dfi._.M_,.':y,',,'atrewardsresultfrorn._aeheffort,and.w,,

believethatplanetarycnplora':.'onwith_obotsIlk,:VFR ,_ndhs descendentswillreapthe,..:.

rewards --espeei'dly s,:, by opti_::d,._g their jo-rne?,'s.
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